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FOREWORD
This dissertation is comprised of two independent and unrelated 
projects: Part I: A Specific Spectrophotometric Determination of
Long Chain Nitro Compounds and Part II: A Specific Spectrophotometric
Determination of Ozone in Air in the Presence of Nitrogen Oxides.
In the interests of clarity and convenience, the dissertation is, 
therefore, also divided into two parts. While the Table of Contents, 
the list of References, and the lists of Tables and Figures for the two 
parts are combined, the text for each part is separate. The Introduc­
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ABSTRACT
This dissertation is divided into two parts:
Part I. A Specific Spectrophotometric Determination of Long Chain 
Nitro Compounds.
When lung tissue model systems such as neat lipid are exposed to 
ppm (yg/g) nitrogen dioxide in air, free radical initiated autoxidation 
occurs. Initiation can occur either by addition of nitrogen dioxide 
to one of the lipid double bonds or by abstraction of an allylic hydro­
gen by nitrogen dioxide. In the former mechanism, each initiation se­
quence produces a molecule of nitro-3-hydroperoxide, and determination 
of the amount of nitro-g-hydroperoxide provides a measure of the amount 
of initiation occurring by addition. A determination method for these 
nitro-3-hydroperoxides was, therefore, developed. The method deter­
mines micromolar quantities of nitro-B-hydroperoxide or any other long 
chain-nonpolar nitro compound by reduction of the nitro group to an amine, 
using polymethylhydrosilane and Palladium on charcoal, followed by a 
colorimetric determination of the amine formed. The amine is protonated 
and allowed to react with the sulfonic acid anion of methyl orange 
to form a neutral salt, which is then extracted into an organic layer 
and determined spectrophotometrically. The method is specific for nitro 
compounds in the absence of compounds which complex amines or which are 
reduced to amines by the polymethylhydrosilane/Palladium on charcoal 
system. Although limited to the determination of compounds which form 
extractable salts with methyl orange, the method can be adapted for the
xvii
determination of short chain or polar nitro compounds simply by using 
a different amine method, since these compounds are also reduced to 
amines by the polymethylhydrosilane/Palladium on charcoal system.
Part II. A Specific Spectrophotometric Determination of Ozone in Air 
in the Presence of Nitrogen Oxides.
A specific spectrophotometric determination for ozone in air was 
developed using the only reaction specific for ozone: ozonolysis, i.e.,
the reaction of ozone with a double bond to produce an ozonide which 
cleaves to form a carbonyl fragment and a zwitterion. A survey of the 
literature showed that the direction of cleavage for an unsymmetrical 
ozonide is governed by the resonance and inductive effects of the sub­
stituents on the stabilities of the carbocationic portions of the two 
possible zwitterions. Several terminal olefins were, therefore, in­
vestigated in order to determine which gave the highest yield of for­
maldehyde from ozonolysis. DPE (1,1-diphenylethylene) was found to 
give the highest yield, 90% over an ozone concentration range of 0.05- 
5.00 yg/g of air, and was incorporated into an ozone determination pro­
cedure. In the procedure, air containing ozone is passed through 
an impinger containing DPE, and the formaldehyde produced is 
blown out of the impinger into a bubbler where it is trapped in 
water. After trapping is completed, the bubbler is removed and the 
formaldehyde is determined by reaction with sulfur dioxide, followed 
by reaction of the adduct produced with pararosaniline (the reverse 
West-Gaeke method), and spectrophotometric determination of the product 
formed. The method has the advantage of being much less subject to
xviii
interferences than the iodometric method, the ethylene chemiluminescence 
method, the UV photometric method, and several other ozonolysis meth­
ods. The carbonyl fragment produced, formaldehyde, is blown out of 
the ozone trap into a second trap and is thus protected from further 
reaction. Sulfur dioxide does not interfere, indeed it is used as one 
of the reagents. Lastly, interference by free radical initiators or 
oxidants is prevented by the addition of 2% mesitol (2,4,6-tri- 
methylphenol) to the DPE trap; this concentration has been found
to allow the determination of ozone in air containing as much as 5 Ug/g 
of air nitrogen dioxide.
xix
INTRODUCTION
Effects of Nitrogen Dioxide
Nitrogen Dioxide is an important air pollutant known to cause a 
number of physiological effects, primarily in the lung'*' in addition 
to its role in the formation of smog.
Lung Tissue Model Systems
Our laboratories are currently investigating the mechanism of the 
nitrogen dioxide initiated, free radical autoxidation of simple models 
of lung tissue. In these model studies, neat lipids or Poly-Unsaturated 
Fatty Acid esters (PUFA) are used as the model compounds. The three 
lipids under investigation are methyl oleate, methyl linoleate, and 
methyl linolenate (18:1, 18:2, and 18:3, respectively). One ml of one 
of the lipids is placed in a midget impinger and is exposed to a stream 
of air containing nitrogen dioxide at the ppm (yg/g) level. The ex­
perimental apparatus and procedures are described in detail by Pryor,
- i 6>7et al.
Possible Mechanisms for the Autoxidation of PUFA by ppm NO?
Two initiation mechanisms are possible for the free radical autoxi­
dation of PUFA by nitrogen dioxide: the abstraction of an allylic hy­
drogen from a PUFA molecule by NC>2 (Figure I) and addition of nitrogen 
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4
abstraction mechanism produces nitrous acid and a resonance stabilized 
lipid radical, L., (I, Figure I) which then enters the propagation 
steps by reaction with molecular oxygen to produce the alkyl-peroxy 
radical (II, Figure III). The nitrous acid formed disproportionates
O
to produce additional nitrogen dioxide (Figure IV), and the additional 
nitrogen dioxide, in turn, initiates other chains. When possible, i.e., 
for 18:2 and 18:3, the hydrogen abstracted and the lipid radical formed 
will be doubly allylic rather than singly allylic, since the doubly
g
allylic hydrogens are twenty times more reactive. The extent of ini­
tiation by the abstraction mechanism is presently being determined by 
measurement of the amount of water formed in the disproportionation
step, this work is being carried out by John W. Lightsey and will be a
9part of his dissertation.
The addition mechanism, initiation by the addition of a nitrogen 
dioxide molecule to one of the double bonds of a PUFA molecule (Figure 
II), produces a nitro-alkyl radical (I, Figure II). Since the rate 
constants for the reactions of oxygen and nitrogen dioxide with free 
radicals are both large"*'*'* and since oxygen is present in far greater 
concentration than nitrogen dioxide, the nitro-alkyl radical reacts 
with a molecule of oxygen to give a nitro-peroxy radical (II, Figure 
II). This radical then abstracts a hydrogen from another lipid mole­
cule to form the first stable product from this initiation sequence, 
a nitro-8-hydroperoxide (III, Figure II). The lipid radical formed,
L., (IV, Figure II) then enters the propagation steps (Figure III), and 
several hydroperoxides are formed before the chain is terminated 
(Figure V). Termination proceeds almost exclusively by the reaction 
of two alkyl-peroxy radicals (2, Figure V). The concentration of alkyl
P r o p a g a t i o n
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radicals (L*) is low due to the rapid reaction of L* with oxygen, 
hence termination reactions involving the alkyl radical (1&3, Figure 
V) are not important.
Need for a Method for the Determination of Nitro-B-hydroperoxides
Since the nitro-B-hydroperoxides formed in the initiation sequence 
are the first stable initiation products and since one nitro-3- 
hydroperoxide is formed for each initiation event, a measurement of 
the concentration of nitro-B-hydroperoxide product provides a means 
for the determination of the rate of initiation by the addition mech­
anism. This, in turn, provides a means for determining the chain
length, or the rate of appearance or disappearance of a given substance
11divided by the rate of initiation. Since knowledge of these is es­
sential to determining the extent of initiation by the addition mech­
anism, a method for the determination of the nitro-B-hydroperoxides was 
sought.
Restrictions and Interferences
The determination of the concentration of nitro-B-hydroperoxide 
in an autoxidation system is extremely difficult. First, the aliquot 
taken for analysis must be small (less than 100 yl), since the entire 
lipid sample can only be about 1 ml, in order that the reaction can 
be studied in a flow system. Second, since the nitro-B-hydroperoxide 
is formed only in the initiation step and since it is necessary to 
allow the reaction to proceed to only about 10% completion to prevent 
the reactions of products from becoming important, the method must be 
very sensitive. Third, there are several structural isomers of the
nitro-3-hydroperoxide which are formed (Figure VI), and the method must 
determine them as though they were identical. Finally, the method must 
be completely free from interference by hydroperoxides since these are
Opresent in far greater quantity than are the nitro-3-hydroperoxides.
REVIEW OF LITERATURE METHODS FOR THE DETERMINATION OF THE NITRO-B- 
HYDROPEROXIDES
A literature search was carried out in an attempt to find a method 
which would meet the criteria listed above. It was ultimately deter­
mined that none of the literature methods for the determination of 
aliphatic nitro compounds were satisfactory. In the following brief 
review of those methods, the methods are categorized either according 
to the species which is determined in or by the major reagent used for 
the analytical finish.
DETERMINATION AS NITRO 
Redox Determinations
12-18Many nitro determinations rely on a reductive titration.
However, these methods, as well as those using polarography or coulo- 
19-21metry, are unsatisfactory since they are subject to interference
by hydroperoxides, and as stated earlier, the hydroperoxide concentra-
9tion is much greater than the nitro-3-hydroperoxide concentration.
In addition, these methods are not sufficiently sensitive for a micro 
determination.











Both the Kjeldahl and the Dumas total nitrogen methods are un­
satisfactory for the determination of nitro-g-hydroperoxide in the
autoxidation system. The Kjeldahl method is too insensitive for small
22samples containing low concentrations of nitro compounds. Also, the
method is particularly difficult for organic compounds containing N-0 
23bonds, and any adaptation which determines these refractory compounds
24is very time consuming. The Dumas method has been shown to be unac­
ceptable for fatty nitrogen compounds, and its sensitivity is too low
23for micro determinations.
Nitrous Acid Methods
25 26Turba et al. and Altshuller and Cohen used the reaction of
nitrous acid with nitro compounds for their determination methods. In 
the case of secondary nitro compounds such as the nitro-3-hydroperoxide, 
the pseudo nitrole (Figure VII) is formed. These methods are too in­
sensitive for micro scale determinations.
Aci Ion Methods
A large number of methods utilize the formation of the aci
27-29tautomer (Figure VIII) of the nitro group. For secondary nitro
30compounds, however, the equilibrium does not favor the aci tautomer
unless it is stabilized, for example, by resonance as in the 2-nitro-l,
28l-bis(p-chlorophenyl) alkanes. Unfortunately, no compound has been
found which reacts with the aci form irreversibly to force the equi-
+3librium to completion. The Fe complex, for example, even if formed,
31reverts quickly to the nitro compound.
II
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Acid or Base Reagent Methods
Grebber et al. determined nitro compounds quantitatively using
32and diphenylamine, but this test cannot be used in the presence
of hydroperoxides. Ashworth stated that the Janovsky reaction, which
Ashworth incorporated into a determination method for primary nitro
33compounds, was too erratic for use with secondary nitro compounds.
Spot Test Methods
The possibility of developing a spot test into a quantitative
method was investigated. However, none of the spot methods can be
3A 36used for the determination of nitro-$-hydroperoxides, either be­
cause they detect only aromatic nitro compounds or because hydroperox-
37ides interfere with the method.
DETERMINATION BY CONVERSION TO NITRITE ION
Methods Using Acid
Methods which form nitrite ion by the action of strong acid, such
38 39as those of Gwatkin and Jones and Riddick, are unacceptable since
lipid decomposes to an intractable tar in acid sufficiently strong to
oxidize the nitro compound to nitrite ion.
Methods Using Base (The Sweet Method)
The oxidation of nitro compounds to nitrite ion by treatment with
hydrogen peroxide and strong base has been successfully used to quan­
tify aliphatic nitro compounds and nitrite esters. One of these methods,
first used as a spot test by Bose, and later developed into a quan-
41titative method by Sweet et al., seemed suited to the determination 
of nitro-B-hydroperoxides in the autoxidation system.
Under the stringent conditions used, the same yield of nitrite 
ion was expected from each of the isomeric nitro-B-hydroperoxides. 
Thus, the method was expected to be independent of the position of the 
nitro group along the carbon chain. Since concentrated hydrogen per­
oxide is one of the test reagents, the hydroperoxides present in the 
lipid were not expected to interfere. Lastly, the method uses the 
sensitive Griess-Ilosvay method (formation of diazotized sulfanilamide 
with the nitrite ion from the decomposition of the nitro compound,
followed by coupling with N-l-naphthylethylene diamine dihydrochloride
A 2 A3(Figure IX)) which provides very high sensitivity. ’
Sweet found that his initial conditions gave erratic and low
41yields of nitrite ion from 1-nitrodecane. He was able, however, to 
obtain an acceptable yield of nitrite ion by increasing the base con­
centration. It was hoped, therefore, that his conditions for 1-nitro­
decane, or more stringent ones, would give an acceptable, although
not a quantitative, yield of nitrite ion from nitro-B-hydroperoxides.
Unfortunately, our investigations showed that this was not the
41 44case. The method of Sweet, the modifications of Meisel and Erdy
45and Estes and Baughman, and our modifications all failed to give an 
acceptable yield of nitrite ion (see both the Experimental and the 
Results and Discussion Sections).
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FIGURE IX 
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DEVELOPMENT OF A DETERMINATION METHOD
Since no literature method could be found by which the nitro-B- 
hydroperoxides formed in the autoxidation system could be satisfactorily 
determined, a new method was developed. The method involves the reduc­
tion of the nitro group to an amine followed by the spectrophotometric 
determination of the amine.
REDUCTION OF NITRO COMPOUNDS TO AMINES
Metal Catalyzed Reductions
46 47Several methods of catalytic hydrogenation ’ and reductions 
24 48 49using metal ions ’ ’ are described in the literature. These
methods are time consuming, however, do not work well for aliphatic 
nitro compounds, and do not lend themselves well to a subsequent de­
termination of the amine formed. Reduction with lithium aluminum hy-
49-51dride has been used to prepare amines from nitro compounds, but
several experimenters have found that reductions of aliphatic nitro 
compounds with this reagent are not satisfactory. In particular, dif­
ficulty has been found in the case of B-hydroxy nitro compounds, 
which would be formed during the reduction of nitro-B-hydroperoxides.
Hydrosiloxane Reductions
54In 1957, Nitzsche and Wick reduced several aromatic nitro com­
pounds to the corresponding amines using PhlyMethylHydroSilane (PMHS) 
(Figure X) and a metal alkoxide or acylate as a catalyst. More
FIGURE X 
P o l y M e t h y l H y d r o S i l a n e  (PMHS) *
* F o r  t h e  D i m e r , x  = 1,
recently, Lipowitz and Bowman used milder conditions to obtain the 
same reductions. Using PMHS and 5% Pd on activated charcoal, they 
were able to obtain aniline in 89% yield from the reduction of nitro­
benzene. When the dimer, (Me2SiH)20, was used with the same catalyst 
in aqueous dioxane, aniline was produced in 100% yield.
Our investigations showed that the same system reproducibly re­
duced aliphatic nitro compounds as well (see Experimental Section). 
Thus, the PMHS plus Pd on charcoal reduction system is well suited to 
the reduction of the nitro-ft-hydroperoxides. A reproducible yield of 
the amine can be expected from the reduction, and the homogeneous sys­
tem lends itself to a subsequent spectrophotometric determination.
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Hydroperoxides are reduced to alcohols by these c o n d i t i o n s a n d  do not 
interfere. Therefore, it was only necessary to find a sufficiently 
sensitive method for determining the alcoho1-amines formed by the re­
duction of the nitro-3-hydroperoxide.
DETERMINATION OF ALCOHOL-AMINE
Alcohol Interference
A number of the reported methods for the determination of aliphatic
57-71amines are subject to interference from alcohols, and these de­
terminations were eliminated from consideration.
Imine Determination Methods
Several amine determinations are based on the formation of an imine
7 2—76with salicyaldehyde or one of its derivatives. Although the
imine can be formed from the nitro-(3-hydroperoxide, none of these 
methods are sufficiently sensitive.
Spot Test Methods
A number of spot tests for amines were eliminated because they are too
insensitive or because there is some species in the lipid system which 
61 62 77-83interferes. ’ ’ The determination of Valentine, Entrikin, and
77Hanson, for example, requires anhydrous conditions.
Indicator Dye Methods
84-94Of the remaining literature methods, those which involved
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the use of a pH indicator dye seemed particularly suited to the de­
termination of the alcohol-amines formed from the reduction of the 
nitro-3-hydroperoxides.
These methods rely upon the formation of a complex or a salt be­
tween the amine and the indicator dye. The complex is then determined 
spectrophotometrically, either in the original solution or after ex­
traction. The dye methods meet all of the requirements of the lipid 
system. They are extremely sensitive, most are capable of determining 
a few micromoles of an amine. The alcohols which are formed from the 
reduction of hydroperoxides do not interfere with these methods. Since 
the chromophore is approximately the same for any amine, i.e., the 
amine salt of the indicator dye, the extinction coefficient is almost 
independent of the amine itself. Thus the variety of amine isomers 
formed from the various nitro-$-hydroperoxides would all have essen­
tially the same extinction coefficient. Lastly, those methods which 
use an extraction step facilitate the formation of a clear solution 
for the spectrophotometric determination, and the extraction can be 
used to increase sensitivity.
The Methyl Orange Method
84One of the dye extraction methods, developed by Silverstein, 
uses the salt formed by methyl orange and a fatty amine for the de­
termination of the amine. In the procedure, the sulfonic acid anion 
of methyl orange (Figure XI) forms a neutral salt with the protonated 
amine. This neutral salt is then extracted into chloroform leaving 
behind all unreacted dye. A measurement of the amount of amine-dye 
salt in the organic layer is, therefore, a measure of the amount of
FIGURE XI
M e t h y l  O r a n g e
N: S 0 3 N a
amine in the test sample. The salt formation and extraction are 
forced to completion by repeated extraction steps.
This method, subsequent to the PMHS reduction to the nitro-3- 
hydroperoxides, proved satisfactory for the determination of the nitro- 
3-hydroperoxides from the autoxidation system, in addition to other 
long chain nitro compounds (see Experimental Section).
MATERIALS AND EQUIPMENT
Water, unless otherwise noted, was distilled and then deionized 
by passage through a mixed bed column.
N-l-Naphthalethylene diamine dihydrochloride, reagent grade, was 
obtained from J. T. Baker.
Sulfanilamide, reagent grade, was obtained from Fisher Scientific
Co.
All lipids (PUFA) were obtained from Sigma Chemical and were 
used without further purification.
Dodecyl amine was obtained from Aldrich Chemical Co., and was 
used without further purification.
2-Nitropropane was obtained from Aldrich Chemical Co., and was 
distilled before use.
Salicylaldehyde was obtained from Matheson Coleman Bell.
Polymethylhydrosilane was obtained from Aldrich Chemical Co.
Palladium on charcoal (5%) was obtained from the Alfa Division 
of Ventron Chemicals.
Butylated hydroxytoluene was obtained from Aldrich Chemical Co.
1-Iodohexadecane was obtained from Eastman Chemicals.
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Dinitrogen tetroxide was obtained from Matheson gases.
6-Bromohexanoic acid was obtained from Aldrich Chemical Co., and 
was used without further purification.
Dodecanal was obtained from Aldrich Chemical Co., and was purified 
immediately before use by passage through a plug of silica to remove 
acid.
Dicyclohexyl-18-crown-6 was obtained from Aldrich Chemical Co., 
and was used without purification.
IRA 400 resin was obtained from Sargent Welch Co.
Trimethyl hexadecyl ammonium bromide was obtained from Aldrich 
Chemical Co., and was used without further purification.
Sebacic acid was obtained from Aldrich Chemical Co., and was used 
without further purification.
1-Bromooctane was obtained from Aldrich Chemical Co., and was used 
without further purification.
Hexanoic acid was obtained from Aldrich Chemical Co., and was 
used without further purification.
2-Nitrooctane was obtained from ICN K and K, and was purified by 
vacuum distillation.
All other chemicals were reagent grade or better.
Spectrophotometers used were the Cary model 14 and the Beckman DU
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(modified with a Gilford power supply, photomultiplier, and sample 
holder).
NMR spectra were obtained using a Varian A-60.
IR spectra were obtained using a Perkin-Elmer 621.
GLPC separations were carried out using a 6-foot DECS column 
(15% on Chromosorb P) with the flame ionization detector of a Glowall 
320 gas chromatograph, unless otherwise specified.




The sample (10-30 mg) is placed in a flask containing 50 ml of 
water and 5 ml of 25% (50% for medium chain nitro compounds) NaOH so­
lution. To this is added 3.5 ml of 30% hydrogen peroxide. The flask 
is then fitted with a reflux condenser and heated in the following 
manner: 30 minutes at 45-50° C, 10 minutes at 60° C, 10 minutes at 
80° C, and 30 minutes at 100° C. The flask is then cooled to room 
temperature, and the contents are transferred to a 100 ml volumetric 
and diluted to the mark. An aliquot is then taken for determination 
To the aliquot are added 2 ml of the NED reagent and 2 ml of the SAM 
reagent. Absorbance is measured within 30 minutes at 520 nm.
REAGENTS:
SAM: Sulfanilamide, 35 g, is added to 250 ml of H-jPO^ a
liter volumetric and the contents are diluted to the mark.
NED: N-l-naphthylethylene diamine dihydrochloride, 25 mg, is
dissolved in 100 ml of water.
45The Estes and Baughman Method
A 0.2-2.2 ymole sample is added to 5 ml of water to which 1 ml of 
a 6.3 N NaOH had been added. The container is shaken well, allowed to
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stand for 10 minutes, and then 0.5 ml of 30% hydrogen peroxide is 
added. The container is loosely stoppered and heated for 1-1.5 hours 
in an 80° C water bath. Then the container is cooled, and the con­
tents are transferred to a 10 ml volumetric and diluted with water.
A 1 ml aliquot is placed in a spectrophotometric cell, 1 ml of 
each of the reagent solutions is added, and the absorbance is measured 
between 15 and 30 minutes later at 540 nm.
REAGENTS:
SAM: Sulfanilamide, 0.2 g, is dissolved in 20 ml of 1:4 HC1.
NED: The N-l-naphthylethylene diamine dihydrochloride solution 
is 0.02% in water.
POLYMETHYLHYDROSILANE REDUCTION55
About 0.1 mole of sample is added to 40 ml of the acid solution, 
and 0.05 g of 5% Pd on charcoal and a 10% excess of PMHS are then 
added. The mixture is shaken and placed in a 40-60° C water bath for 
30 minutes (during reaction, the mixture is shaken about every 5 min­
utes) .
After reaction, the catalyst is removed by filtration through 
Whatman 1 filter paper, and the filtrate is collected in a separatory 
funnel. Water, 80 ml, is added to the funnel and the product is ex­
tracted with chloroform. After extraction, the organic layer is dried 
over CaCl^, and the solvent is removed by rotary evaporation.
REAGENTS:
Acid Solution: Concentrated HC1, 1 drop, is dissolved in 40 ml
of 95% ethanol.
METHYL ORANGE AMINE DETERMINATIONS
84Original Silverstein Method
A mixture of 4 ml of buffer, 2 ml of the methyl orange solution, 
20 ml of chloroform., and 100 ml of an aqueous solution of the test 
sample are shaken together for 5 minutes. After allowing the layers 
to separate for 3-10 minutes, the chloroform layer is collected, and 
a second extraction is carried out with an additional 20 ml of chloro­
form. The combined chloroform layers are placed in a 50 ml volumetric 
and 2 ml of ethanol is added. The solution is diluted with chloroform 
and the absorbance is measured at the maximum, 430 nm, during the next 
2 hours.
REAGENTS:
Buffer: Potassium chloride, 125 g, and sodium acetate (anhydrous
42.19 g, are added to a 500 ml volumetric. Then 300 ml of glacial 
acetic acid is added, and the flask is diluted with water. The pH is 
checked with a pH meter and adjusted with 1 N NaOH or acetic acid, as 
necessary, to produce a pH of 3.5.
Methyl Orange Solution: Methyl orange is dissolved in water to
produce a 0.05% solution.
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Adapted Methyl Orange Method
The sample is filtered into a separatory funnel, water, 50 ml, 
buffer, 4 ml, methyl orange solution, 2 ml, and a chloroform wash of 
the filter, 2 ml, are added to the funnel, and the amine-methyl 
orange salt is extracted. After 3-10 minutes, the chloroform layer 
is collected, and two additional 2 ml chloroform extractions are 
carried out. The combined extractions are placed in a 10 ml volu­
metric and 2 ml of ethanol is added to clarify the solution. After 
dilution, the absorbance is determined at 485 nm vs a chloroform 
blank.
LONG CHAIN ALIPHATIC NITRO COMPOUND DETERMINATION METHOD
The sample is placed in a test tube containing 5 ml of the 
ethanol/HCl reagent, and a spatula tip (ca. 0.025 g) of Pd on char­
coal (5%) and 0.3 ml of PMHS are added. The mixture is swirled and 
placed in a water bath (40-60°C) for 30 minutes. After reaction, the 
catalyst is removed by filtration and the liquid is collected in a 
separatory funnel. A 2 ml chloroform wash of the test tube is also 
filtered into the funnel. Water, 50 ml, buffer, 4 ml, and methyl 
orange solution, 2 ml, are added to the funnel and the amine complex 
is extracted into the chloroform layer. After allowing the layers 
to separate for 3 minutes, the chloroform layer is collected in a 10 
ml volumetric, and two additional 2 ml chloroform extractions are 
then collected in the same manner. Ethanol, 2 ml, is added to the 
volumetric to clarify the solution, and the flask is diluted to the
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mark with chloroform. At any time during the next 2 hours, the ab­
sorbance at 485 nm is measured vs a chloroform blank. Care must be 
taken to prevent the inclusion of any of the aqueous layer, in order 
that the methyl orange it contains does not interfere.
SYNTHESIS OF PRIMARY NITRO COMPOUNDS
95Reaction of Primary Halides with Sodium Nitrite
1-Iodohexadecane, 53 g, is mixed with 18 g of NaN02 in about 300 
ml of DMSO, and the mixture is stirred at room temperature for 5 
hours. At the end of this time the mixture solidifies. Addition of 
chloroform produces a partial solution, and addition of water dis­
solves the remaining material into a second layer. The two layers 
are placed in a separatory funnel, shaken, and allowed to separate.
The chloroform layer is extracted five more times with water to re­
move Nal and DMSO, and is dried over anhydrous MgSO^. After filtra­
tion, the chloroform is removed by rotary evaporation. The product 
(about 70% nitro compound, 25% nitrite ester, and 5% unreacted halide) 
is separated by precipitation of the nitro carbanion salt. Sodium,
2.5 g, is added to 20 ml of methanol, and this solution is added to 
a solution of the product mixture in 40 ml of methanol. The salt of 
the anion of the nitro compound forms immediately, and is collected by 
filtration. The precipitate is washed extensively with diethyl ether 
to remove nitrite ester and halide, and is partially dried by pulling 
air through the filter. The salt is then added to a separatory funnel 
containing chloroform and aqueous hydrochloric acid. After mixing,
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additional acid is added until the solution remains at a pH of about 
2. The chloroform layer is then collected and dried over MgSO^. The 
chloroform is removed by rotary evaporation, producing a clear and 
colorless oil.
An NMR spectrum of the material showed that it was free of both 
nitrite ester and unreacted halide. This material was used, without 
further purification, to standardize the nitro determination.
ATTEMPTED SYNTHESES OF SECONDARY NITRO ESTER
Methyl Oleate + HBr
HBr gas is bubbled slowly from a lecture bottle into a solution 
of 10 g of 18:1 in 200 ml of CCl^. After 30 minutes, the addition is 
stopped. Thereafter, HBr is added for 5 minutes every two hours to 
maintain color in the solution. After 20 hours, reaction is stopped, 
the HBr is allowed to escape, and the solvent is removed by rotary 
evaporation. The oil is then chromatographed on silica using 5% 
diethyl ether and n-hexane. The eluant is collected and reduced by 
rotary evaporation. The material is then chromatographed using silica 
gel and pentane (stirred over concentrated ^SO^, and distilled).
An NMR spectrum of the clear, colorless oil showed no impurities, 
and gave the correct 1:3 ratio of me thine to methyl ester protons.
95Methyl 9 or 10-Bromooctadecanoate + Sodium Nitrite
Methyl 9 or 10-bromooctadecanoate, 5 g, is added to a flask con­
taining 10 ml of DMSO and 1.56 g of NaNO^, and the mixture is stirred
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at room temperature for 5 hours. The mixture is poured over 25 g of 
ice layered with 5 ml of petroleum ether, the layers are separated in 
a separatory funnel, and the aqueous layer is extracted four more 
times with petroleum ether. The combined ether layers are then ex­
tracted five more times with water, dried over anhydrous MgSO^, fil­
tered, and the solvent is removed by rotary evaporation.
Identification and Separation Attempts
Although the NMR spectrum of the product mixture did not indicate 
that any nitro compound had been formed, it was possible that the 
nitro compound might have been produced in low yield. Therefore, a 
separation was attempted. Ethyl acetate:cyclohexane 1:2, 1:4, 1:1,
2:1, and 4:1 and the same ratios of chloroform:cyclohexane were used 
in attempts to isolate the nitro compound. None of the spots isolated 
gave the correct NMR quintet for the methine proton.
96Crown Ether Catalysis
The substitution reaction is repeated using a crown ether catalyst. 
A halide:NaN02:dicyclohexyl-18-crown-6 mole ratio of 20:22:1 is used.
An NMR spectrum indicated that no methyl 9 or 10 nitro octa- 
decanoate had been formed.
97Tetralkyl Ammonium Catalysis
The substitution reaction is repeated using hexadecyl trimethyl 
ammonium bromide as a catalyst (0.5%).
Again an NMR spectrum showed that no reaction had occurred.
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ATTEMPTED SYNTHESIS OF SECONDARY NITRO COMPOUND
98Synthesis of n-Butyl Tosylate
A 500 ml round bottom is placed in a cooling bath held at 12°C, 
and a thermometer is placed in the flask to monitor temperature. After 
precooling the flask to 12°C, 10 g of n-butanol and 15.25 g of p- 
toluene sulfonyl chloride are added to the flask. NaOH, 23 ml of 5 N, 
is added dropwise over a 2 hour period, while maintaining the tem­
perature below 15°C. Then a second portion of p-toluenesulfonyl 
chloride is added, and another 23 ml of 5 N NaOH is added dropwise. 
After completion of the addition, the mixture is stirred for an ad­
ditional 4 hours. The mixture is then partitioned between 10% NaOH 
and hexane, the hexane layer is extracted four times with 10% base, 
and the hexane layer is dried over anhydrous NaCO^, filtered, and is 
reduced by evaporation. n-Butyltosylate is isolated in 98% yield.
Reaction of n-Butyltosylate with 1-Nitrooctane
The tosyl chloride is reacted with 1-nitrooctane according to the 
procedure for hexanoyl chloride and nitromethane.
Only unreacted starting materials were recovered from the reac­
tion.
ATTEMPTED SYNTHESES OF NITR0-&-HYDR0PEROXIDE ESTER
Methyl Oleate + NQ2 (ppm) in Air
Methyl oleate, 2 g, is mixed with an equimolar portion of BHT
and the mixture is exposed to 10 ppm of N02 (delivered from an impinger
9tube) in air for 10 hours.
A thin layer chromatographic separation of the product mixture 
was attempted. No spot could be found which gave the correct NMR 
spectrum. Solvents used were 4:1, 2:1, 1:1, 1:2, and 1:4 ethyl acetate 
cyclohexane and the same ratios of ethyl acetate:chloroform.
99Methyl Oleate + in Oxygen Atmosphere
Dinitrogen Tetroxide (^0^) is condensed from a lecture bottle 
into a calibrated ice trap. A known amount, 4.14 ml, is then trans­
ferred in a stream of oxygen to a round-bottom flask equipped with a 
mechanical stirrer, a dry ice condenser, a constant pressure addition 
funnel, and a gas inlet and outlet. The flask, containing 33 ml of 
diethyl ether, is kept at 9-ll°C throughout the reaction. After ad­
dition of the N^O^, 32 ml of 18:1 is added through the addition funnel 
over a 45 minute period. A slow stream of oxygen is blown through the 
reactor during the addition. After the addition is completed, the 
flask is allowed to warm to room temperature, and is then stirred for 
an additional 35 minutes. Diethyl ether, 270 ml, and an excess of 2 
N H2S0^ are added, and the mixture is stirred overnight. The organic 
layer is then collected and the aqueous layer is extracted twice with 
ether. The combined ether fractions are reduced by rotary evaporation, 
after drying over anhydrous MgSO^.
Separation Attempts
Separation by GLPC and TLC (the latter using hexane:isopropanol: 
acetic acid 96:2.6:014) showed four or perhaps five compounds in
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addition to unreacted starting material. At least one of these gave 
a multiplet at 6 - 4.6 as predicted for the methine proton alpha to 
the nitro group. Several TLC solvent systems were tested in an
attempt to isolate the nitro-B-hydroperoxide. Hexane:isopropanol: 
acetic acid 96:2.6:0.4 did not give complete separation. Diethyl 
ether:petroleum ether:methanol mixtures of 0:0:1, 1:1:0, 2:1:0, 2:1:1, 
2:1:2, and 4:1:5 were tried, but none gave pure nitro-S-hydroperoxide. 
Finally, separation was attempted using porapak normal phase HPLC and
C^g reverse phase HPLC. However, neither method proved satisfactory.
Since the yield of NBH was so low from this reaction, and since no 
means could be found which would separate the product mixture, the 
synthetic method was abandoned.
ATTEMPTED SYNTHESES OF NITRO-B-ALCOHOL
Esterification of 6-Bromohexanoic Acid
The acid, 10 g, is dissolved in 20 ml of methanol containing 3.6
ml of concentrated HgSO^, is refluxed for 4 hours, cooled, and added 
to a separatory funnel containing 12 ml of water and 10 ml of diethyl 
ether. The ether layer is separated and then washed with 5 ml por­
tions of water, 5% NaCOg, and saturated NaCl. The organic layer is 
dried over anhydrous MgSO^, filtered, and reduced by rotary evaporation. 
Pure methyl 6-bromohexanoate is obtained in a 95% yield.
101Methyl 6-Nitrohexanoate + Dodecanal (IRA 400 Resin Catalysis)
IRA 400 ion exchange resin is pretreated by several washings with
33
5% NaOH followed by several washings with 95% ethanol. Methyl 6- 
nitrohexanoate, 3 ml, is added to a 20% excess of dodecanal, 3 g, in 
20 ml of ethanol. The resin, 0.76 g (25% of aldehyde by weight), is 
added, and the mixture is stirred at room temperature for 24 hours.
No reaction occurred at room temperature, and when the reaction 
was repeated in refluxing 95% ethanol, an NMR spectrum showed that 
only self-condensation of dodecanal had occurred.
101 102Methyl 6-Nitrohexanoate + Dodecanal (Sodium Methoxide Catalysis) ’
The coupling experiment described above is repeated, substituting 
0.7 g of NaOCH^ for the ion exchange catalyst.
Identical results were obtained.
Dodecanal + Nitromethane
The experiment described above is repeated with 0.78 g of nitro­
methane substituted for the methyl 6-nitrohexanoate.
When carried out at room temperature, the addition product was 
formed in about 90% yield, as determined by NMR integration.
Dodecanal + 1-Nitrooctane
The experiment described above is repeated with the substitution 
of 2.04 g of 1-nitrooctane for the nitromethane.
When the reaction was carried out at room temperature for 4 
hours, NMR indicated that no reaction had occurred. When the methanol 
was heated to reflux for 1 hour, only self-condensation product from 
dodecanal was found.
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ATTEMPTED SYNTHESES OF NITRO-g-KETONE
Methyl Sebacoate + 1-Nitrooctane
Methyl sebacoate is prepared from the diacid by the procedure 
used for the esterification of 6-bromohexanoic acid.
Sodium metal, 0.23 g, is reacted with 50 ml of methanol, and 
after disappearance of the metal, 1.6 g of nitrooctane is added. A 
slightly yellow solution is formed. NMR clearly indicates the loss 
of one of the alpha protons and formation of the anion of the nitro 
compound. The 50 ml. of solution containing the carbanion is added 
dropwise to 150 ml of a stirred methanol solution of 5.6 g of the di­
ester. Stirring is continued at room temperature for 4 additional 
hours. The solution is placed in a separatory funnel and the base is 
neutralized by addition of aqueous NH^Cl. The solution is then ex­
tracted with chloroform, and the chloroform layer in turn is extracted 
with three portions of water. The organic layer is dried over MgSO^ 
and reduced by rotary evaporation.
Analysis by NMR showed that no methyl ll-nitro-10-oxyoctadecanoate 
had been formed.
Hexanoyl Chloride + Nitromethane
Hexanoyl chloride is prepared by reaction of 20 g of hexanoic acid 
with an excess of thionyl chloride. The acid chloride is collected by 
distillation.
An apparatus consisting of a three neck round bottom flask equipped 
with a constant pressure addition funnel (equipped with a gas inlet) 
in one neck, a septum in the second, and a gas outlet in the third is
assembled hot from the oven. Argon gas is passed through the vessel 
continuously during the reaction. THF, 200 ml (predried over and dis­
tilled from lithium aluminum hydride), is added to the flask through 
the addition funnel. Then, 70 ml of 0.9 N n-butyl lithium is added 
by syringe through the septum. Nitromethane, 3.8 g (distilled before 
use), is added to 50 ml of THF, placed in the addition funnel, and 
added dropwise to the stirred solution. Then, 50 ml of the THF con­
taining 8.5 g of hexanoyl chloride is added dropwise through the ad­
dition funnel. After 4 hours, the mixture is neutralized by extrac­
tion with NH^Cl solution and the organic layer is washed four times 
with water, dried over MgSO^, and reduced by rotary evaporation.
An NMR spectrum showed only unreacted nitromethane and hexanoic 
acid, which had been formed during the work-up procedure.
RESULTS AND DISCUSSION
ATTEMPTED DETERMINATION OF NITRO-(3-HYDROPEROXIDE BY CONVERSION TO 
NITRITE ION
Discovery of Error in the Literature
41Since the paper by R. L. Sweet et al. is in an uncommon journal
not available at LSU, preliminary studies were carried out following a
103description of the Sweet procedure contained in a book. Unfortun­
ately, the book contained an error; it reported that Sweet had used 
2.5% NaOH as a reagent, rather than the correct 25%. Much time was 
lost in attempts to obtain the correct results for simple model com­
pounds (see below) using this incorrect procedure.
45Later, a paper by Estes and Baughman, an adaptation of the Sweet 
method, was found. The authors had used a smaller sample and a simpler 
heating schedule. The authors also used 25% NaOH, which was an indica­
tion that the book mentioned above was in error. When the original 
paper by Sweet arrived, the error was proven, and all work was begun 
anew.
Since the adaptation of Estes and Baughman was easier and used 
smaller samples, it was used in all further work.
Model Compounds
Several model compounds were used to test variations of the
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nitrite method, since a pure nitro-$-hydroperoxide was not available. 
Each variation was standardized with NaNO^, and the yields reported 
for other compounds are calculated as the ratio of the extinction co­
efficient for that compound to that for NaNC^. Two model nitro com­
pounds were used for all work on the nitrite method. 2-Nitropropane 
was used in early studies because it was readily available. Later,
2-nitrooctane was obtained, and all further work was done with it. 
Although a poor model for the nitro-g-hydroperoxide, 2-nitrooctane was 
used in these studies because it was the best commercially available 
model compound. As described below, the standardization of the method 
for use in the PUFA system was to have been carried out via synthesis 
of a standard nitro-lipid. When this proved unfeasible, standardiza­
tion was carried out for the PUFA system by comparing the nitro-lipid 
method to a total nitrogen method, using samples containing high con­
centrations of nitro-(3-hydroperoxide.
Lipid and Hydroperoxide Interference Studies
The effects of lipid and hydroperoxide on each of the variations 
was measured by adding 10-500 yl of 18:2 which had been air autoxidized 
to about 10% reaction (as measured by the amount of hydroperoxide) to 
samples of the nitro compound, and then carrying out the determination. 
In no case did the addition of the mixture interfere with color develop­
ment. However, when more than 50 yl of lipid was added, the acidifica­
tion step produced a two-phase solution, and the micelles of lipid 
scattered the incident light in the spectrophotometric determination 
and gave rise to high blanks. As long as the lipid sample added was 
less than 50 yl, two phases did not form, and the absorbances were only
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slightly higher due to scattering. This was accounted for by sub­
tracting a blank from each sample.
The Original Estes and Baughman Procedure*^
In initial experiments, the yield of nitrite ion from 2-nitro- 
propane was found to be 80%. However, the yield from 2-nitrooctane 
was only 0.2%. Adaptation of the method was initiated in hopes of in­
creasing the yield.
Solvent Studies 
41Sweet had suggested that the addition of ethanol might improve 
the yield of nitrite ion from longer chain nitro compounds. Therefore, 
ethanol, acetone, and 1,4-dioxane were each tested as an added solvent 
to promote reaction between the very polar oxidant and the nitro com- ■ 
pound.
Addition of ethanol, however, actually reduced the yield of ni­
trite ion from both 2-nitropropane and 2-nitrooctane, and 1,4-dioxane 
produced highly colored blanks. The addition of acetone (0.5 ml per 
5 ml of solution) did increase the yield slightly, and also increased 
to 100 yl the amount of lipid which could be added without affecting 
the blank. However, the yield of nitrite ion from 2-nitrooctane, al­
though higher, was still less than 1%. Since the addition of acetone 
allowed a greater amount of lipid to be taken for analysis and since 
the addition of acetone improved the yield of nitrite ion somewhat, all 
further work was carried out with the addition of 0.5 ml of acetone per 
5 ml of test solution.
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Increased Reagent Concentration Studies 
41Sweet found that an increased yield of nitrite ion could be ob­
tained from 1-nitrodecane by doubling the base concentration of the 
final solution (from 2.5% to 5,0%, by weight). A study of the effects 
of varied base and hydrogen peroxide concentrations was, therefore, 
carried out.
The base concentration in the final test solution was varied from 
its original value of 2.5% up to 50%. As the amount of base was in­
creased, the concentration of the acid added in the neutralization 
step was increased a corresponding amount. The total volume, therefore, 
remained unchanged.
Additional base did increase the yield of nitrite ion, and the 
best results were obtained with 25% NaOH (Table I).
TABLE I
Base Concentration, Yield,











An investigation of the effect of increased hydrogen peroxide 
concentration was carried out next. The base concentration was kept 
at 25% and 0.5 ml of acetone was added to each sample.
The best yield of nitrite ion was obtained with a four-fold in­
crease in the hydrogen peroxide concentration (Table II). Unfortunate­
ly, the optimum concentration gave only a 14% yield of nitrite ion from 
2-nitrooctane.
TABLE II
Peroxide concentration, Time of Reflux, Yield,







As can be seen from the table (Table II), an increase in the hy­
drogen peroxide concentration required an increase in the time of re­
flux. If any unreacted peroxide remained when the acidification and 
the addition of the diazotizing reagents were carried out, a reduced 
absorbance was observed.
Since the time of reflux increased with increased hydrogen perox­
ide concentration and since the yield of nitrite ion stabilized at 
10.0% added peroxide, the method was considered optimized with the • 
addition of 0.5 ml of acetone and with final concentrations of base
and hydrogen peroxide of 25 and 10%, respectively.
Determination of 2-Nitrooctane with the Adapted Procedure
When a series of samples of 2-nitrooctane were determined using 
the adapted method, a linear Beer-Lambert plot was obtained, although 













Determination of Nitro-g-hydroperoxide by the Adapted Method
Unfortunately, when the procedure was used to measure samples of 
18.2 known to contain about 2 ymol of NBH, the yield of nitrite ion 
was less than 0.1%. Several different samples of lipid known to con­
tain between 10 and 50 ymol of NBH were tested, but none produced suf­
ficient nitrite ion to be detected by the spectrophotometric method.
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Conclusions
It was suspected that the difference in the polarities of 
the reactants was responsible for the failure of the method. Some con­
sideration was given to seeking a phase transfer catalyst which would 
facilitate reaction. However, the extremely low yield made the method 
so unattractive that further work on the method was abandoned,
POLYMETHYLHYDROSXLANE REDUCTION STUDIES
55Although Lipowitz and Bowman had only investigated the reduc­
tion of aromatic nitro compounds by the PMHS/Pd on charcoal system,
104G. Grady speculated that the same system would be satisfactory for 
aliphatic nitro compounds as well.
A sample of nitrocyclohexane was, therefore, subjected to the 
PMHS reduction method. Small samples were removed at intervals to 
follow the extent of the reaction, which was determined using GLPC 
with a 20% carbowax column (6 feet) held at 121°C. Reaction proceeded 
to completion within 30 minutes (Figure XII).
Since the yield of amine from the PMHS reduction of nitrocyclo­
hexane was very high (quantitative within experimental error), the 
PMHS reduction method was incorporated into the nitro determination 
method without change,
METHYL ORANGE AMINE DETERMINATION
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was adapted slightly for use subsequent to the PMHS reduction method 
and for smaller samples (see Experimental Section). The adapted method 
was then tested on various amines and nitro compounds.
Determination of Dodecyl Amine by the Adapted Methyl Orange Method
Aliquots of reagent grade dodecyl amine (98%) were determined by
the adapted methyl orange method. A linear Beer-Lambert plot was ob-
-1 -1tained, and the extinction coefficient* was found to be 11,520 M -cm 
(Figure XIII).
This value is slightly higher than the 9,637 M ^-cm ^ obtained by 
Silverstein; the difference probably is due to the lesser purity of 
the industrial grade amine that he used. As can be seen from the 
figure, there is a positive deviation from linearity at high concen­
trations. This positive deviation was also found by Silverstein for 
all of the amines he investigated.^
THE NITRO LIPID DETERMINATION METHOD
Determination of Dodecyl Amine by the Nitro Lipid Procedure
When aliquots of dodecyl amine were determined by the nitro pro­
cedure (the PMHS reduction followed by the adapted methyl orange de­
termination) an extinction coefficient of 11,440 M ^-cm ^ was obtained 
(Figure XIV). Within experimental error, this was the same as the
*A11 extinction coefficients were determined by the linear regression 
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value found for the adapted methyl orange method alone. Hence, the 
PMHS reduction was found not to interfere with the adapted methyl 
orange procedure.
Determination of 1-Nitrohexadecane by the Nitro Lipid Procedure
Aliquots of 1-nitrohexadecane in ethanol were determined by the
nitro lipid method, and a linear plot was obtained (Figure XV) which
-1 -1gave an extinction coefficient of 6,340 M -cm . Although this was 
only 37.4% of the value that Silverstein had obtained for hexadecyl 
amine, the yield was consistent over a wide range of concentration. 
Deviation only occurred at high concentrations as had been found pre­
viously.
Determination of Nitro-g-hydroperoxide by the Nitro Lipid Procedure
When aliquots of a sample of 18:2 exposed to 2 ppm (yg/g) NC^ were
determined by the nitro lipid procedure, a linear plot was obtained
over a four-fold range of concentration (Figure XVI), and the method
was proven satisfactory for the determination of nitro-(3-hydroperoxides
in the PUFA systems
The method is currently being used to investigate several PUFA 
9systems.
Interferences
Two species are known to interfere with the method: metals which
complex amines and nitrogen containing compounds which are reduced to 
amines by the PMHS reduction method. If these species are absent, the 
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compound present in any sample.
Determination of Other Long Chain Nitro Compounds
Any nonpolar, aliphatic nitro compound can be determined by the 
nitro lipid procedure, provided the amine-methyl orange complex is 
sufficiently nonpolar to be extracted into the chloroform layer for 
determination. Also, since the methyl orange method does not give the 
same extinction coefficient for every amine, it is necessary to stan­
dardize the method for the particular nitro compound which is to be 
determined, and to prepare a standardization curve in order to deter­
mine the point at which deviation from linearity occurs.
Determination of Short Chain and Polar Nitro Compounds
As stated, the method is limited to the determination of long 
chain, nonpolar nitro compounds by the requirement that the amine- 
methyl orange salt be extractable into the organic (chloroform) layer 
during the methyl orange determination. The method can be adapted for 
the determination of other nitro compounds, however, simply by using 
a different amine determination. One of the most general and sensi­
tive methods for the determination of polar and short chain amines is
87the fluorescence method of Underfriend et al. The method can be used 
to determine a variety of polar and short chain amines at the picomole 
level.
SYNTHESES OF LONG CHAIN NITRO COMPOUNDS
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Synthesis of a Primary Nitro Compound by S$2 Displacement of a Primary 
Halide
Since no long chain nitro compounds were commercially available, 
it was necessary to synthesize a long chain nitro compound to test the 
nitro determination. The syntheses of several nitro compounds have 
been carried out via the S^2 displacement of a halide with nitrite 
i o n , ^ ’^ ^  and this method was used to synthesize the 1-nitro-
95hexadecane that was used to test the nitro procedure (See above).
Attempted Synthesis of a Secondary Nitro Compound by S^2 Displacement 
of a Secondary Halide with Nitrite Ion
However, when methyl 9 or 10-bromohexadecanoate was reacted with
95sodium nitrite according to the Kornblum procedure, no nitro compound 
was formed. Only small amounts of unreacted halide and nitrite ester 
were found in the product mixture.
Attempted Synthesis of a Secondary Nitro Compound via the S^2 Displace­
ment of a Tosylate by an c^-Nitro Carbanion
Since the substitution reaction above failed to produce the de­
sired secondary nitro compound, the synthesis was attempted via a dis­
placement of tosylate with an a-nitro carbanion. n-Butyl tosylate was 
reacted with the lithium salt of the a-nitro carbanion of 1-nitrooctane 
(formed by the reaction of n-butyl Li with nitrooctane). Only unre­
acting starting materials were isolated from the reaction, and the 
attempted synthesis of a secondary nitro compound was abandoned.
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ATTEMPTED MODEL COMPOUND SYNTHESES FOR THE STANDARDIZATION OF THE 
NITRO LIPID METHOD FOR THE DETERMINATION OF NITRO-3-HYDROPEROXIDES
The standardization of the nitro lipid method for the determina­
tion of the nitro-g-hydroperoxide concentration in PUFA systems was to 
have been carried out by the synthesis of a standard of known purity. 
It was hoped that either a nitro-g-hydroperoxide ester or a nitro-g- 
alcohol could be synthesized for use as a standard. The nitro-g- 
hydroperoxide ester would, of course, have been identical to the com­
pounds from the autoxidation system. . The nitro-g-alcohol would have 
behaved identically in the determination, since the nitro-g-hydro­
peroxide is reduced to the g-alcohol amine by the PMHS reduction 
procedure.
Several means of synthesizing both of these compounds were at­
tempted. However, none were successful. A brief discussion of the 
work follows; each synthetic method is treated separately.
Attempted Synthesis of a Nitro-g-hydroperoxide Ester
When 18:1 was combined with BHT and was exposed to air containing 
10 ppm NO2, a very complex product mixture resulted. After removal 
of the BHT and unreacted 18:1 from the product mixture, an NMR of the 
remaining material indicated that there was no detectable nitro com­
pound. Although the nitro compound was probably present, the yield 
could have been no higher than 2%, and so the synthetic method was 
abandoned.
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Attempted Synthesis of a Nitro-g-hydroperoxide Ester Using N2O4 in an 
Oxygen Atmosphere
A TLC separation of the product mixture from the reaction of 18:1 
and ^ 0^ in oxygen produced five spots in addition to unreacted start­
ing material. One of the spots contained a secondary nitro compound, 
and the nitro compound comprised about 10% of the spot (by NMR inte­
gration of the methine proton and the methyl ester protons). The at­
tempted separation (see Experimental Section) was hampered both by the 
low yield of the nitro compound and by the large number of other pro­
ducts. Ultimately, the separation was abandoned due to the diffi­
culties encountered.
Attempted Synthesis of a Nitro-g-alcohol Ester by Coupling of an 
Aldehyde with an oj-Nitro Ester
Since several couplings of a short chain primary nitro carbanion 
with an aldehyde to form a nitro-8-alcohol had been carried out,^^ ’̂ ^  
it was hoped that this reaction would prove satisfactory for the syn­
thesis of a nitro-3-alcohol ester standard. When the coupling reaction 
between methyl 6-nitrohexanoate and dodecanal was attempted using IRA 
400 ion exchange resin as a catalyst according to the procedure of 
Astle and Abbott,^^^ no reaction occurred at room temperature. When 
the reaction was repeated in refluxing ethanol, only the self­
condensation product of dodecanal was isolated.
When the sodium salt of the u)-nitro carbanion was reacted with 
dodecanal at room temperature or in refluxing methanol, the same results 
were obtained.
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Attempted Synthesis of a Nitro-$-alcohol by Coupling of an Aldehyde 
and a Primary Nitro Carbanion
The reaction of dodecanal with the carbanion of nitromethane did 
produce the primary nitro-alcohol in good yield (along with some self­
condensation product)* However, when the reaction was attempted with 
the 1-nitrooctane carbanion, no reaction occurred at room temperature, 
and only the self-condensation product was isolated from the reaction 
when it was repeated in refluxing tetrahydrofuran.
Attempted Synthesis of a Nitro-$-ketone Ester by Coupling of a Diester 
with a Primary Nitro Carbanion
When the coupling of the carbanion of 1-nitrooctane with dimethyl 
sebacoate was carried out at room temperature, no reaction occurred.
When repeated in refluxing methanol, the reaction still gave only un­
reacted starting materials.
Attempted Synthesis of a Nitro-g-ketone by Coupling of an Acid Chloride 
and a Primary Nitro Carbanion
The carbanion of 1-nitrooctane was reacted with hexanoyl chloride 
in an inert atmosphere at room temperature. Only acid and 1-nitrooctane 
were isolated in the workup procedure. When repeated in refluxing 
tetrahydrofuran, the reaction gave no 3-nitro-ketone.
Standardization by Comparison to a Total Nitrogen Method Using High 
Nitro-B-hydroperoxide Concentrations
Since standardization of the nitro method for determination of
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the nitro-3-hydroperoxide concentration in autoxidation systems could 
not be carried out by synthesis of a model compound, the standardiza­
tion is being carried out by other means. Currently, John Lightsey 
(of our laboratories) is standardizing the method by comparing it with
a total nitrogen method (performed by Galbraith Laboratories) for sam-
9pies containing high concentrations of nitro-$-hydroperoxide. The 
extinction coefficient obtained for these samples will then be used 
for samples from the autoxidation systems (which contain much less 
nitro-$-hydroperoxide).
INTRODUCTION
The accurate determination of parts per million ozone in polluted 
air is one of the most difficult of all analytical problems. The ex­
tremely reactive and toxic nature of ozone, which makes accurate quan­
tification at low levels so necessary,^ also makes its determination 
extremely difficult.
Standardization of Ozone Determination Methods
2In 1952, Birdsall et al., surveying the previous 50 years of 
literature concerning the determination of ozone, stated: "Investi­
gations on ozone have long been hampered by the lack of a standardized 
method of analysis. A survey of the literature reveals a host of 
claims and counterclaims for various methods, mainly modifications of 
the iodometric method; many of these contentions have little experi­
mental basis." Unfortunately, standardization is still one of the 
major difficulties encountered when developing or using an ozone de­
termination procedure. Normally, the standardization of a determina­
tion method is carried out using a known amount of the pure species 
which is being determined. The obtention of pure, liquid ozone, how­
ever, is both difficult and hazardous. The vacuum transfer system re­
quired is complicated and expensive, and despite careful efforts to 
remove all traces of oxidizable substances, several groups have had
explosions of varying intensity while attempting to work with pure 
3 4ozone. ' Additionally, ozone decomposes rapidly under almost all
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conditions whether in the gas phase or in solution, hence it must
be determined immediately with a minimum of transfer. These dangers 
and problems have prevented most groups from attempting to calibrate 
their methods vs pure ozone.
The next most desirable method of standardization is comparison 
to a physical property. Although the original determination of these 
physical properties requires the use of pure ozone, their use for 
standardization does not. The physical properties of ozone have not 
been determined with as much accuracy as have those of most other 
species due to the difficulties mentioned above; however, the uncer­
tainties in density^ and the U V ^ ’^  and I R ^  extinction coefficients 
for ozone are less than the uncertainty of most determination methods.
A physical property method, UV photometry, has recently been chosen by
the EPA as the reference standardization method for all other ozone
16determination methods. The method requires the use of special equip­
ment, however, a multireflectance-path spectrophotometer, and to date has 
not been widely used even though it has been available for some time. 
Instead, most groups standardize their determination methods vs a wet 
chemical method, which was standardized vs either pure ozone or a 
physical property.
THE IODOMETRIC METHOD
By far the most widely used method of standardization and analysis 
is the neutral buffered iodometric (NBKI) method. One variation of the 
method^ served as the EPA approved standardization for all other ozone 
determination methods, until it was superceded by a UV photometric 
method^ in 1978. The iodometric method has been widely used despite
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the fact that it has been surrounded by controversy since it was first
used as a titrimetric method for the determination of very high (up to
1825% by volume) concentration ozone.
Mechanism
The iodometric method relies upon the reduction of ozone to oxygen 
via the concomitant oxidation of iodide to iodine (Figure I). Unfor­
tunately, the stoichiometry is not always 1:1 as shown. A stoichiomet­
ric yield of iodine is only obtained when conditions are carefully
FIGURE I
O z o n e - I o d i d e  R e a c t i o n  M e c h a n i s m
2H+ + O3 + 2 1"
H20 + °2 + I,2
controlled as in the EPA approved standardization method. ^  Even the
19 20reliability of this method has been questioned, ’ however, and the 
method has been superceded as the standardization method for other 
methods.
Stoichiometric Parameters
The stoichiometry of the iodometric method has been found to de­
pend upon more than a dozen different parameters, many of which inter 
act synergistically:
19-21the concentration of the iodide trapping solution,
19 20the concentration of ozone being determined, 5
20-23the type of buffer used,
20-22the concentration of buffer,
19 21 22 24the type of trapping device used (frit or bubbler), ’ ’ ’
.-i „ . 21-23,25-29the pH of the trapping solution,
the acidification method, if any, including the final pH and
_ , ..... ... 19,24,30,31the rate of acidification, ’
19 20 22the time between sampling and measurement, ’ ’
20-22dust,
19the rate of sampling,
. . v 19,20,23,25lodate formation, ’ ’
hydrogen peroxide formation,^
9
and interference from other oxidants and from reductants both
4 «.u • 4 • . 17,19,20,22in the air and in the sampling system,
Although a number of the parameters listed above are known to in 
teract synergistically, many groups have studied a single parameter
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without specifying or holding constant the other parameters. The lit­
erature concerning the iodometric method is, therefore, a mass of con­
flicting information. Since a discussion of the parameters individually 
is impossible due to their interdependence, the following discussion 
is chronological.
Early Titrimetric Methods
The iodometric method was first used as a titrimetric method for
18the determination of high (up to 25% by volume) levels of ozone. In
201950, Boelter et al. reviewed the work that had been done in this 
area. Boelter described the experiments of several groups which showed 
that a low pH caused a loss of iodine due to volatilization and that a 
high pH also caused the yield of iodine to be less than stoichiometric 
due to the incomplete conversion of iodate, which is formed under basic 
conditions, to iodine by the acidification step. He also discussed 
several procedures which had used a boric acid buffer rather than the 
more frequently used phosphate buffer. Some groups found that the use 
of boric acid prevented the formation of hydrogen peroxide and iodate, 
thus giving more accurate results, while others found that the yield 
of iodine was as much as 10% high when boric acid buffer was used. In 
his own studies, Boelter found that the yield of iodine was not de­
pendent upon the pH over a wide range (3.5-12.3) when boric acid was 
used as a buffer. He determined that a lower pH caused high results
and that too rapid acidification of basic samples caused loss of iodine.
2In 1952,.Birdsall et al. reviewed the previous 50 years of lit­
erature concerning the determination of ozone, and investigated the ef­
fects of pH, boric acid or phosphate buffers, and iodide concentration.
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His results were consistent with those of Boelter, with the exception 
of the effect of boric acid buffer. Birdsall found that boric acid 
gave erroneously high results. He attributed the difference in re­
sults to experimental design. In the Boelter system, the trapping so­
lution was unstirred and the pH at the reaction interface was much 
higher than the bulk system. In the stirred system used by Birdsall, 
the- pH was maintained at the buffer value.
The Saltzman Iodometric Method
Although the determination of high concentration (HC) ozone,
greater than 100 ]il/l, had been repeatedly investigated by the mid
fifties, the determination of ozone at low concentration (LC) and at
intermediate concentration (IC), 0.1-5 and 6-99 yl/1, respectively,
had not been investigated. In 1959, however, B. E. Saltzman published
a series of papers which described his careful investigation of the
21 22 32iodometric determination for HC, IC, and LC ozone. ’ ’ This work
forms the basis for all of the iodometric methods which are in use
17 32today, and for the method ’ which was used as the reference standard­
ization method for all other ozone determination methods from 1959 un­
til 1978, when it was superceded."^
21In the first paper, Saltzman and Byers investigated the photo­
metric determination of HC ozone using a neutral 20% KI reagent and an 
alkaline reagent. With the former, Saltzman found curved Beer-Lambert 
plots and with the latter a negative intercept. He termed this nega­
tive intercept "ozone demand" and found that it increased with the age 
of the trapping solution.* Since neither of these methods were
*"0zone demand" is, therefore, the amount of ozone which must be ab­
sorbed by a trapping reagent before any color development occurs.
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satisfactory for the determination of HC ozone, Saltzman standardized 
all of his IC and LC measurements by a careful dilution of HC samples 
which had been quantified either by a titrimetric procedure or by UV 
absorbance. When Saltzman investigated the determination of IC and 
LC samples by both the alkaline and the neutral methods, he found a 
linear relationship for both methods which was independent of sample 
size and flow rate. When he compared these results to the standardized 
HC samples, good agreement was found for both in the IC range, but a 
divergence was found for LC samples, with the alkaline results being 
consistently lower. Saltzman found that, accounting for a 6% trapping 
loss, the neutral method gave 1:1 iodine:ozone stoichiometry for the 
range 2-100 yl/1. In discussion of the low results from the alkaline 
method, Saltzman stated that the formation of iodate or some other oxi­
dation state of iodine could be responsible due to the loss of iodine
during the acidification prior to determination.
22In a second paper, Saltzman and Gilbert compared the LC and IC 
results from the neutral and alkaline methods to another ozone deter­
mination method which formed nitrogen dioxide by the reaction of ni­
tric oxide with ozone. The nitrogen dioxide was then determined by
33the Saltzman method for nitrogen dioxide. The results of the nitric 
oxide/nitrogen dioxide method supported the contention that the neutral 
method gave an ozone:iodine stoichiometry of 1:1 , provided the deter­
mination was carried out 45 minutes after trapping was completed to 
allow development of "slow color", which Saltzman had found in previous 
experiments as well. He found that the fraction of "slow color" to 
total color was reduced by sampling with a fritted bubbler rather than 
an impinger, and increased by an increase in the concentration of either
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iodide or phosphate in the trapping solution. Increases in the con­
centrations of the reagents in the trapping solution also increased 
the total amount of color and gave a stoichiometry greater than 1:1 
iodine:ozone. Further investigation of the alkaline method indicated 
that hypoiodite was responsible for the loss of iodine rather than 
iodate as had been previously postulated. Although Saltzman investi­
gated several alkaline reagents, none eliminated this loss of iodine. 
Saltzman chose 1% KI in 0.1 M Kf^PO^ and Na2HP0^ (his reagent number 
14) as the best reagent for the determination of ozone, since it gave 
1:1 stoichiometry when color was allowed to develop for 45 minutes af­
ter trapping. Saltzman postualted that there were several side reac­
tions, some of which gave a lower and some of which gave a higher than 
stoichiometric yield of iodine, and that these side reactions were in 
balance for this reagent. Saltzman listed a number of possible side 
reactions, although he did not investigate the contributions from them, 
if any. He investigated the interference from several species known 
to be present in polluted air, and found that several did interfere 
with the determination method. He found that NC^, SO^, an^ several 
other oxidants and reductants interfered. He also determined that dust 
settling onto the glassware from the air decreased the yield of iodine 
appreciably. He found that iodine was lost from weak solutions of io­
dine even when clean glassware was used, and he postulated that such 
losses were responsible for the discrepancies found for samples con­
taining low concentrations of ozone, i.e., results that were low by 
about 0.1 yl/1 below 2 yl/1.
32In the third.paper, Saltzman reviewed his earlier work and de­
scribed the use of the neutral method in detail for use as the Public
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Health Service approved method for ozone determination.
The Ingols Iodometric pH Study
In the same year, 1959, that Saltzman published his work, Ingols 
27et al. published the results of a study in which both iodine and oxy­
gen were measured from the reaction of iodide with ozone. Ingols de­
termined ozone concentration by the iodometric method, by oxidation 
of ferrous ion, and by oxidation of manganous ion in the presence of 
o-toluidine. Unfortunately, Ingols investigated only two pH values,
2 and 9, neither of which corresponded to the value that Saltzman rec­
ommended for analysis. 6.8-7.0. Ingols concluded that the stoichi­
ometry (iodine:ozone) was 1:1 at a pH of 9 and that it was higher at pH 
2. He also concluded, as had Saltzman, that the stoichiometry was 
balanced by several competing side reactions. The difficulties en­
countered in the iodometric method caused Ingols to suggest the use 
of the manganous/o-toluidine system for the determination of ozone.
The Cohen, Purcell, and Altshuller Interference Study
34Cohen, Purcell, and Altshuller reviewed the iodometric method 
in 1967, and compared it with several other procedures including one 
that they had developed. They determined the amount of 1^ liberated 
per mole by a variety of peroxides, peracids, and NO (Table I). AsX
can be seen from the table, most peroxy compounds interfere strongly
since they, like ozone, produce about 1 mole of per mole. Indeed
an iodometric method is used for the determination of organic per- 
35oxides. Thus the iodometric method is satisfactory for the determin­









The Boyd Stoichiometry Challenge
25In 1970, Boyd, Willis, and Cyr published a very controversial
21 22 32paper challenging the findings of Saltzman. ’ ’ Boyd concluded,
based on comparison of the NBKI method with UV photometry, that more
than one mole of iodine was liberated from a mole of ozone. He found
the stoichiometry to be 1.54:1.00 iodine:ozone at pH 7.0. Boyd further
27concluded that the results of Ingols were in conflict with those of 
Saltzman and in agreement with his.
Refutation of Boyd and Support for the NBKI Method
A series of papers were published, chiefly by EPA scientists, in
25response to the paper by Boyd et al. All of these papers, which re­
investigated the stoichiometry of the neutral iodometric method, sup-
21 22 32ported the original findings of Saltzman, ’ ’ although none were
able to find an error in the work carried out by Boyd.
28Hodgeson et al. reinvestigated the Saltzman method and its
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comparison to the nitric oxide conversion method. They stated that
the conversion yield of nitrogen dioxide from nitric oxide was 0.72,
and appear to have determined this by comparison to an ethylene chemi-
luminescence method. They did not state the method by which the chemi-
luminescent method was calibrated, however, and thus the validity of
their support for the Saltzman method is somewhat questionable.
26Kopczynski and Bufalini compared the Saltzman method to a long 
path IR method. Within experimental error, their results were in agree­
ment with those of Saltzman; i.e., the stoichiometry found was 1:1.
The authors also cited several investigations of reactions between ole­
fins and ozone in which the stoichiometry had been determined by com­
parison to the iodometric method. The authors stated that the 1:1 
stoichiometry found for ozonolysis of these olefins, by comparison to 
the iodometric method, was support for the conclusion that the stoi­
chiometry of the iodometric method was 1:1.
The Iodometric Standardization Reference Method
25In 1971, after investigating the claims of Boyd et al., the EPA 
published an approved neutral buffered iodometric method for the de­
termination of ozone entitled: "Reference Method for the Measurement
of Photochemical Oxidants Corrected for Interference Due to Nitrogen
17Oxides and Sulfur Dioxide." The method was an adaptation of the
original method published by Saltzman for the then Public Health Ser- 
32vice, with careful specification of the parameters known to affect 
the determination. One of the major differences was the elimination 
of delay between sampling and measurement. Despite the difference, 
the stoichiometry for the method was stated to be 1:1 iodine:ozone.
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This method served as the reference method for the determination of
ozone for many years, and has only recently been superceded by a UV
photometric procedure."^
Many groups have investigated various facets of this method. For
24example, Parry and Hern studied the formation of iodate. Parry found 
that there was little iodate formed when measuring LC samples of ozone. 
However, when HC ozone was determined, iodate formation became impor­
tant. The formation of iodate at HC was found to be catalyzed by the 
use of borosilicate or quartz frits in the trapping system, and mini­
mized by the use of an impinger. Parry postulated that the stoichiome­
tric variations found by earlier workers might have been due to the 
formation of iodate. He suggested a simple test for iodate formation, 
i.e., a sample was determined, acidified, and determined again. If 
additional iodine formed after acidification, iodate was present. Parry 
stated that the formation of iodate was important not only for HC sam­
ples under basic conditions, as had been postulated by Saltzman, but
also for neutral conditions if a catalyst was present. A communication
30 31by Schmitz and the reply of Parry state that acidification immedi­
ately before titration prevents losses of iodine and provides a 1:1
stoichiometry for HC samples under all conditions.
29In 1973, Dietz, Prezansky, and Smith reinvestigated the effects 
of pH on the stoichiometry of the iodometric method, calibrating their 
studies vs UV photometry. Smith found the stoichiometry to be 1:1 for 
the neutral method over the range 50-600 yl/1 ozone. He also found 
significant losses of ozone when a single impinger was used for trapping
HC ozone, but no significant losses for IC and LC ozone.
36Goates, Bradshaw, and Mangelson designed a modification of the
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neutral buffered iodometric method which allowed the determination of 
ozone down to about 5 nl/1. In the procedure, starch was added to the 
trapping solution to increase the absorbance, and hence the sensitivity 
of the determination. Mangelson found that the method reliably deter­
mined ozone in the range 5 nl/1-1 yl/1 by comparing it to a Mast ozone 
meter method. Unfortunately, Mangelson did not investigate the effects 
of other parameters on the method.
The Flamm Investigation of the NBKI Method
19In 1975, Flamm and Anderson published a paper which described a 
careful investigation of the effects of four variables: pH, ozone con­
centration, elapsed time between sampling and analysis, and the use of 
impingers of fritted bubblers on the determination of IC and HC ozone 
by the neutral buffered iodometric method.
21 22In review of previous work, Flamm noted that Saltzman ’ had 
found that the LC and IC results from the Saltzman method were low com­
pared to HC results, and that Saltzman had used midget impingers. He 
also noted that Saltzman had found that additional color developed 
after sampling had been terminated, and that the stoichiometry was 1:1 
only when absorbance was measured 45 minutes after sampling. Flamm 
pointed out that the EPA approved method,"^ which was based on the 
Saltzman method, specified that measurement be made immediately after 
sampling, yet still claimed 1:1 stoichiometry. Flamm also pointed out 
that most groups who had investigated the iodometric method had not 
specified the elapsed time between sampling and analysis at all.
In his own investigations, Flamm found that decreasing the pH 
caused a decrease in the formation of iodate, and that the formation
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of iodate was significant for HC samples even at neutral pH. He con­
cluded that iodate was being formed in the reaction by comparing the
rate of decomposition of the material formed in the trapping solution
24to the rate for authentic iodate. Parry had concluded that iodate 
was formed by comparing the half-wave potentials of the trapping solu­
tion to an authentic sample of iodate. Flamm found, as had Parry, that 
the amount of iodate formed decreased with decreasing ozone concentra­
tion. Flamm postulated that many of the discrepancies found in the 
literature of the iodometric method could be due to differences in 
elapsed time between sampling and analysis, since the iodate formed
reacts to produce additional iodine after sampling is terminated. Flamm
31 30concluded, as had Parry and Schmitz, that acidification immediately 
prior to analysis was satisfactory for the determination of IC samples. 
However, Flamm suggested that this procedure be used only for samples 
of more than 50 yl/1 ozone. He stated that, below this level, the 
oxidation of iodide to iodine in the trapping medium would produce er­
roneously high results.
20In his most recent paper, Flamm studied the determination of LC 
ozone in air. He carefully investigated the EPA approved adaptation 
of the Saltzman method"^ as well as several variations of the method. 
Flamm determined that the use of a phosphate buffer catalyzes the for­
mation of another product, hydrogen peroxide, in addition to iodate.
He concluded that hydrogen peroxide was the product formed by comparing 
the reaction rates of the trapping product and authentic hydrogen per­
oxide. Flamm determined that a decrease in the concentration of phos­
phate decreased the final amount of hydrogen peroxide, although high 
concentrations of buffer gave lower initial amounts of hydrogen peroxide.
70
Flamm investigated several other buffer systems, principally boric acid 
systems and sulfuric acid systems, and found that none of these pro­
duced hydrogen peroxide. Since the hydrogen peroxide formed from phos­
phate buffered systems reacts with iodide to form additional iodine af­
ter sampling is terminated, the extent of the nonstoichiometric behavior 
of the method depends upon the elapsed time between sampling and analy­
sis. Flamm determined that a 2-minute delay produced about a 20% in­
crease beyond 1:1 stoichiometry for the NBKI system for ozone samples 
below 1 yl/1. Flamm also investigated the effect of water purity on 
the iodometric method and found that distilled water or any higher 
grade gave identical results. In his investigation of "ozone demand", 
Flamm found a significant demand for samples containing less than 0.1 
yl/1 ozone. He also determined that the amount of "ozone demand" for 
a particular reagent decreased with the age of the reagent, and that it 
was greater for potassium iodide of lesser purity. Flamm postulated 
that the "ozone demand" is responsible for the low yield of iodine from 
the boric acid buffered samples at less than 0.1 yl/1, and suggested 
that the addition of hydrogen peroxide to the reagent before use could 
eliminate the demand without creating unacceptably high blanks. Flamm 
concluded that, using phosphate buffer, the iodometric method had two 
balancing effects: "ozone demand" and the formation of hydrogen perox­
ide. According to Flamm, the former produces low results from 0.35- 
1.00 yl/1, the latter balances its effect from 0.10-0.35 yl/1, and be­
low 0.10 yl/1, the scatter of the method is most important.
OTHER DETERMINATION METHODS
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The Ethylene Chemiluminescence Method
The failings of the iodometric method have prompted many groups
to develop other ozone determination methods. The method most widely
used for the determination of ozone in polluted air is the ethylene
17chemiluminescence method, which is the method currently approved by 
the EPA. The method requires the use of a specific instrument, how­
ever, which is not commonly found in laboratories, and also is 
subject to interference by quenching. Although it has gained wide ac­
ceptance for field studies, the ethylene chemiluminescence method is 
not widely used in laboratory analysis.
Nitrogen Dioxide Methods
Numerous groups have developed determination methods which rely
upon the reaction of nitric oxide with ozone to produce nitrogen diox-
37ide, which is then determined by the Saltzman method, by chemilumines-
38 39cence, or by a nitrate specific-ion electrode. These methods, how­
ever, have not enjoyed wide acceptance. They are difficult, requiring 
careful metering of the reactant gasses, and are subject to interference 
from nitrogen dioxide in air.^
Mast (Electrochemical) Ozone Meters
An instrumental method for the determination of ozone was developed 
Alby Wartburg et al. This ozone monitor, the Mast ozone meter, deter­
mines ozone by measuring the current required to reduce a KI/KBr mix­
ture which is continuously oxidized by an air stream containing ozone. 
Unfortunately, the method is subject to most of the failings of the
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iodometric method on which it is based, and the stoichiometry of the
34method varies with ozone concentration. Attempts have been made to
improve the method, notably by the use of catalysts which decompose 
40ozone. The current is measured first with the catalyst in stream 
and then with it out of stream, and the ozone concentration is deter­
mined as the difference between the two signals. These methods do not 
eliminate the difficulties produced by variable stoichiometry, however, 
and are not widely used.
Miscellaneous Methods
One group attempted the determination of ozone by the oxidation
of 9,10-dihydroacridine followed by the spectrophotometric determina-
42tion of the oxidized product. The method is subject to interference
from other oxidants, however, and involves the use of a fluorophotometer.
43 44A very novel approach was taken by Chleck et al. ' They pre-
85 85pared a clathrate of Kr in quinol (hydroquinone) which released Kr
85upon exposure to ozone. The Kr was then determined in the effluent 
stream. Although the method requires special equipment and is subject 
to interference from other oxidants, it provides excellent sensitivity, 
parts per ten billion.
45Bradley and Haagen-Smit suggested a qualitative method which 
detects ozone by observing the incidence of cracking in stressed rubber 
exposed to air containing ozone. Although fairly sensitive, the method 
is nonspecific.
46In 1966, Hendricks and Larsen reviewed several methods for the
32determination of ozone. They found the iodometric method of Saltzman,
47the phenolphthalein method of Haagen-Smit and Bruenelle, the sodium
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diphenylamine sulfonate method of Bovee and Robinson, and the leuco-
49fluorescein method of Egorov to be subject to interference from other 
oxidants in polluted air and hence not acceptable for ozone determina­
tion in air.
34Cohen, Purcell, and Altshuller also reviewed a number of methods
and found that the UV photometric method and the Mast coulometric meth- 
41od are subject to interference from a number of species found in pol­
luted air. They also investigated two redox methods, using ferrous 
thiocynate and titanium-8-quinolinol, respectively. These methods were 
found to lack specificity.
Stevens and O'Keeffe"*^ described a chemiluminescent ozone deter­
mination procedure which determines ozone via a chemiluminescent reac­
tion with Rhodamine B absorbed on silica gel. Although sensitive, the 
method is subject to interference from other oxidants.
OZONOLYSIS METHODS
Mechanism
Several groups have developed ozone determination methods which 
are based on the only reaction unique to ozone, ozonolysis. When ozone 
reacts with a double bond, a molozonide, (I, Figure II) is produced.
The molozonide then decomposes either via a peroxide zwitterion and a 
carbonyl fragment (Schemes I and II, Figure III) or via a pair of di­
radicals (Schemes III and IV, Figure IV). Recombination can then occur 
to form any of three Criegee oxonides (I, II, and III, Figure V). In 
some cases the molozonide can be isolated at low temperatures,"*"'’ but
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F I G U R E  II









under normal conditions it decomposes immediately. The Criegee ozonides 
can decompose in the same manner as the molozonide, and the intermedi­
ates formed can react with other species present in the system to give
, , „ 52-57a variety of products.
Determination of Ozone by Quantification of the Carbonyl Fragment from 
Ozonolysis
Most groups have carried out their determinations by measuring the
carbonyl fragments (II and III, Figure III) formed from the decomposition
58of the ozonides. Bravo and Lodge determined ozone via the ozonolysis 
of 4 jA'-dimethoxystilbene to produce 4-methoxybenzaldehyde which
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59was determined by the procedure of Sawicki. The yield of 4- 
methoxybenzaldehyde (anisaldehyde) from the reaction was 98%, Un­
fortunately, the aldehyde remains in the trapping solution in this 
method, and is subject to further oxidation by ozone. Also the method 
is subject to interference from other oxidants such as NO and organic 
peroxides. These species probably interfere via a free radical ini­
tiated cooxidation. ̂  Finally, the reaction requires the use of tri- 
fluroacetic acid, which is extremely corrosive, hence the method has 
not found wide use.
61Hauser and Bradley developed a similar method based on the 
ozonolysis of l,2-di-(4-pyridyl)ethylene. Their method is subject to 
the same problems, however, in that other species interfere, the al­
dehyde is subject to further oxidation, and a strong acid, glacial
62acetic, is used in the determination. In a second paper, Hauser 
and Bradley investigated the effects of several interfering species 
on their method and found significant interference from peroxyacetyl 
nitrate (PAN) and hydrogen peroxide, as well as lesser interference 
from a number of other species.
The West Method (Advantages of Formaldehyde)
6 3In 1972, Sachdev, Lodge, and West developed a method which over­
came some of the failings of earlier ozonolysis determination methods. 
West carried out the determination of ozone by ozonizing eugenol (4- 
allyl-2-methoxyphenol) to produce formaldehyde. The formaldehyde was 
then blown out of the eugenol and into a second bubbler containing water 
where it was trapped. West determined the formaldehyde produced by the 
reverse West-Gaeke method of Lyles, Dowling, and Blanchard (Figure VI).^
FIGURE VI
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By blowing the formaldehyde out of the eugenol and into a second bubbler, 
West protected it from further oxidation ensuring a more accurate de­
termination. West found that the yield of formaldehyde from his method
was equivalent, within experimental error, to the amount of iodine pro-
32 25duced from the alkaline iodometric method. He mentioned that Boyd
had recently stated that the stoichiometry of the alkaline method was
261:1, and that Kopczynsci and Buffalini had challenged this statement. 
West concluded that the stoichiometry of his method could not be de­
termined without a means of standardization, but that it was consistent 
with a 1:1 stoichiometry for the alkaline iodometric method. The stoi­
chiometry of the alkaline method has since been shown to be closer to 
1.54:1.00 iodine:ozone, and thus the yield of formaldehyde from the 
ozonolysis of eugenol is 67%.
West also investigated interference from hydrogen peroxide and 
from peracetic acid. He found no interference from either, when solu­
tions of either were sprayed into the air being sampled. Although not 
discussed by West, this freedom from interference, which was not found 
for other ozonolysis methods, is almost certainly due to the presence 
of the phenolic group in eugenol. The phenol sacrificially protects
the olefin from free radical initiated oxidation, which had been shown
62to interfere with the method of Hauser and Bradley.
Although better than previous methods, the method of West still has 
limitations. The yield of formaldehyde was 33% below theoretical, and 
although the phenolic group did protect the system from interference 
by free radical initiators, it may have competed with the olefin for 
reaction with ozone, thus decreasing the yield of formaldehyde.
I, therefore, set out to develop a method which would retain the
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advantages of the West method without being subject to its disad­
vantages .
Factors Affecting the Yield of Formaldehyde from the Ozonolysis of a 
Terminal Olefin
The ionic decomposition of an ozonide can proceed in two ways 
(Schemes I and II, Figure III). The production of formaldehyde from 
a terminal olefin via ionic decomposition (Scheme I, R" = R'" = H) is 
aided by stabilization of the zwitterionic intermediate (I, Figure III), 
either by resonance or by the electron donating abilities of R and R'.
Thus the ozonolysis of a tertiary terminal olefin, which produces a 
tertiary carbocation, would be expected to give a higher yield of for­
maldehyde than that from the ozonolysis of eugenol, which forms a sec­
ondary zwitterion. Indeed, the ozonolysis of 2,2,4-trimethylpentene
65has been shown to give a quantitative yield of formaldehyde, while
West found a 67% yield of formaldehyde from eugenol.
Hammett Studies of Styrenoid System Ozonolysis
Several groups have investigated the effects of resonance and in­
duction on the ozonolysis of styrenoid m o l e c u l e s . A s  would be 
predicted if a zwitterion is formed, these groups found that the yield
of formaldehyde was greatest when electron donating groups were sub-
66 68 66 stituted onto the ring. ’ For example, Flizar and Granger found
a 60% yield of formaldehyde from the ozonolysis of styrene, and an 80%
yield from p-methoxy-styrene. Thus, a yield of formaldehyde greater
63than the 67% found by West is possible when one takes advantage of
both resonance and inductive effects. I, therefore, studied the
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ozonolysis of a number of commercially available styrene derivatives, 
in order to determine which of them was best suited to the determina­
tion of ozone, by virtue of giving the greatest yield of formaldehyde 
with a consistent stoichiometry.
Formaldehyde Determination Methods
I investigated several of the literature methods for the determin-
69ation of formaldehyde. The chromatrophic acid method had been studied 
6 3by West, who found it unsuitable due to interference from olefin 
carried over into the formaldehyde trap and undesirable due to the use 
of concentrated sulfuric acid in the formaldehyde determination pro­
cedure. Several formaldehyde determination methods using 3-methyl-2- 
benzothiazolone hydrazone have been suggested,^ ^  however, these
methods are undesirable since they require the synthesis of the trap-
74ping reagent. The p-phenylenediamine method of Bailey and Rankin was
eliminated because it uses concentrated hydrogen peroxide. Two gas
75 76chromatographic methods were considered, * but these were discarded
as difficult and likely to be subject to interferences. Ultimately,
64the formaldehyde determination method used by West was chosen as the 
most satisfactory. This method, developed by Lyles, Dowling, and 
Blanchard,^ determines formaldehyde by the reverse of the West-Gaeke
77method for the determination of sulfur dioxide. Nauman, West, and Tron 
have shown that these two methods determine formaldehyde or sulfur diox­
ide, respectively, by their reaction to form an adduct (I, Figure VI). 
This adduct then reacts with pararosaniline (II, Figure VI) to form a 
substituted aniline derivative (III, Figure VI) which has an absorption 
maximum between 540 and 580 nm, depending upon the pH. The lesser
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basicity of this substituted aniline compound precludes the protonation 
of the nitrogen, and consequently allows the formation of the 540-580 
nm chromophore at a pH sufficient to protonate, and decolorize, all of 
the unreacted pararosaniline. A measure of the amount of this chromo­
phore is, therefore, a measure of the amount of sulfur dioxide in the 
presence of excess C ^ O  (the West-Gaeke method) or of formaldehyde in 
the presence of excess SO2 (the reverse West-Gaeke method).
Standardization
64The Lyles formaldehyde determination method was standardized
with commercial formaldehyde, the concentration of which was determined
78by the sulfite method. In this procedure, formaldehyde is reacted 
with sodium sulfite in water to produce an equimolar amount of hydroxide 
(Figure VII), which is then determined by titration with standard acid.
Standardization of the olefin method was carried out by comparison
X7 16to the NBKI method. The UV photometric method, which has recently
superceded the NBKI method as the EPA approved reference standardiza­
tion for ozone determinations, had not been published by the time this 
work was completed.
Free Radical Inhibitors
Lastly, several free radical inhibitors were investigated in order 
to find one which would protect the olefin from free radical oxidation 
without competing with olefin for reaction with ozone.
FIGURE VII
M e c h a n i s m  o f  F o r m a l d e h y d e - S u l f i t e  R e a c t i o n
CH20 + Na2S03 + H20 
CH2 (Na S03)0H + Na OH
MATERIALS AND EQUIPMENT
Pararosaniline acetate was obtained from Eastman Kodak, and was 
used without further purification.
Water was distilled, deionized by passage through a mixed bed 
column, and boiled.
Mesitol (2,4,6-trimethylphenol) was obtained from Aldrich Chemical 
Co., and was used without further purification.
Eugenol (4-allyl-2-methoxyphenol), 2-Vinylnaphthalene, 4-Vinyl- 
anisole, and DPE (1,1-diphenylethylene) were obtained from Aldrich 
Chemical Co., and were purified before use according to the procedure 
described in the ozone determination procedure.
All other chemicals were reagent grade or better.
Ozone germicidal lamps were obtained from General Electric, GE 4W-S11. 
Flowmeters were obtained from the Fisher and Porter Corp., No. 
448-118, and were accurate to within 2%.
The spectrophotometer used was a Beckman DU equipped with Gilford 
power supply, sample changer, and detector.
All volumetric glassware was Class A.
Midget impingers were obtained from Ace Glass, Inc., No. 7531 Code
10.




OZONE GENERATION AND DETERMINATION APPARATUS 
Ozone Generator
Tank breathing air is passed over activated charcoal and silica 
gel and then passed into an all glass and Teflon ozone generating cham­
ber which contains four 4 watt germicidal lamps (Figure VIII). The 
ozone output is adjusted by varying the number of lamps and by varying 
the voltage to the lamp(s) with a variable voltage transformer. The 
ozonized air is then passed through all glass apparatus, with ground 
glass or Tygon butt joints, to the trapping devices, and then through 
the flowmeter.
Detection Apparatus
When determined by the iodometric method, the ozone stream is 
trapped in a fritted bubbler containing 10 ml of iodometric trapping 
reagent.
When determined by the olefin method, the ozone stream is impinged 
on 1 ml of the olefin, and the effluent from the impinger is trapped 
in 10 ml of water contained in a fritted bubbler.
THE IODOMETRIC METHOD17
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Pipet accurately 20 ml of standard arsenious oxide solution into 
a flask. Acidify slightly with 1:10 sulfuric acid, neutralize with 
solid sodium bicarbonate, and then add about 2 g of excess bicarbonate. 
Titrate with the standard iodine solution using 5 ml starch solution as 
an indicator. Saturate the solution with carbon dioxide near the end 
point by adding 1 ml of 1:10 sulfuric acid. Continue the titration to 
the first appearance of a blue color which persists for 30 seconds.
Preparation of a Standard Curve
Immediately before use, pipet 1 ml of standard iodine solution 
into a 100 ml volumetric flask and dilute to volume with absorbing 
reagent. Into a series of 25 ml volumetries, pipet 0.5, 1, 2, 3, and 4 
ml of the diluted standard iodine solution. Dilute the contents of 
each flask with absorbing reagent, mix throughly, and immediately read 
the absorbance of each at 352 nm vs unexposed absorbing reagent.
Analysis of Air Samples
Pipet 10 ml of the absorbing reagent into the trapping bubbler, 
and draw air through it at 200-1000 ml/minute. Quantitatively transfer 
the trapping solution to a 25 ml volumetric and dilute with absorbing 
reagent. If necessary, dilute an aliquot with additional absorbing 
reagent. Determine absorbance at 352 nm immediately, using unexposed 
absorbing reagent as reference.
REAGENTS:
Absorbing Reagent: Potassium dihydrogen phosphate, 13.6 g,
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disodium hydrogen phosphate, 14.2 g, and potassium iodide, 10.0 g, are 
dissolved in water and diluted to exactly 1 liter. This solution should 
have a pH of 6.8 + 0.2, and is stable for several weeks if stored in a 
glass stoppered bottle in a cool dark place.
Standard Arsenious Oxide (AS7O3) Solution: Primary standard arsen-
ious oxide is dried for 1 hour at 105°C, cooled, and 2.4 g is accurately
weighed into a beaker. Sodium hydroxide, 25 ml of a 1 N solution, is
added, the beaker is heated to dissolve the AS2O3, and 25 ml of 1 N
H_S0, is added. The beaker is cooled, its contents are transferred 2 4
quantitatively to a 1 liter volumetric, and the contents are diluted 
to the mark.
Starch Indicator Solution (0.2%): Soluble starch, 0.4 g, is mixed
with about 2 mg of mercuric iodide (as a preservative) in a little water. 
The paste is slowly added to 200 ml of boiling water, and the solution 
is boiled until it clears. The solution is then cooled, and trans­
ferred to a glass stoppered bottle.
Standard Iodine Solution (0.05 N); Potassium iodide, 5.0 g, and 
iodine (resublimed), 3.2 g, are dissolved in 10 ml of water. When the 
iodine dissolves, the solution is transferred to a 500 ml volumetric 
and the contents are diluted to the mark with water. This solution must 
be stored in the dark, and must be restandardized as necessary.
78STANDARDIZATION OF COMMERCIAL FORMALDEHYDE
Sodium sulfite solution, 50 ml, and 3 drops of thymolphthalein in­
dicator solution are added to a flask and carefully neutralized by ti­
tration with 1 N sulfuric acid until the blue color disappears (one or
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two drops). A neutral formaldehyde sample is then added to the flask 
and the resulting solution is titrated slowly to complete decoloriza- 
tion using the standard sulfuric acid.
REAGENTS:
Sodium Sulfite Solution: Sodium sulfite, 126 g, is dissolved in
exactly 1 liter of water.
Thymolphthalein Indicator Solution: Thymolphthalein indicator is
0.1% in ethyl alcohol.
Standard Sulfuric Acid (1 N); Sulfuric acid, 1 N, is standardized 
vs 1 N NaOH, which is in turn standardized vs potassium acid phthalate.
FORMALDEHYDE DETERMINATION METHOD64
Preparation of Standard Curve
Using a standard solution of formaldehyde (prepared by a suitable 
dilution of the standard above), prepare a series of standards in 25 ml 
volumetries. Add sufficient standard solution to achieve a range of 
final concentrations between 0.1-1.0 pg/ml. To the volumetries add 1 
ml of the sodium dichlorosulfitomercurate (II) reagent, and mix thor­
oughly. Add 2 ml of the pararosaniline reagent, mix thoroughly> dilute 
the contents, and allow to stand for 25 minutes. Then determine the 
absorbance at 580 nm vs a water reference.
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Sample Determination
Air containing formaldehyde is trapped in 10 ml of water contained 
in a fritted bubbler. After trapping, the contents of the bubbler are 
quantitatively transferred to a 25 ml volumetric, and the sample is de­
termined according to the procedure used for formaldehyde standards. If 
necessary, the volumetric is filled to the mark with water, and an ali­
quot is taken for determination.
REAGENTS:
Sodium Tetrachloromercurate (II): Add 27.2 g of mercuric chloride
and 11.6 g of sodium chloride to a 1 liter volumetric, dissolve the 
salts, and dilute the contents of the flask to the mark with water.
Sodium Dichlorosulfitomercurate (II): Add 0.25 g of sodium sul­
fite to 25 ml of the sodium tetrachloromercurate (II) reagent, and mix 
thoroughly. This reagent is unstable and must be prepared fresh every 
24 hours. Also, mercury salts are poisonous, and care should be taken 
in the handling of these solutions.
Pararosaniline Reagent: Add 0.448 g of pararosaniline acetate to
67.5 ml of concentrated hydrochloric acid in a 250 ml volumetric, and 
dilute to volume.
DPE OZONE DETERMINATION PROCEDURE
DPE (1,1-diphenylethylene), 1 ml, is placed in a midget impinger, 
and 0.1 ml of mesitol (2,4,6-trimethylphenol) solution is added. The
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impinger is then placed in the ozone trapping train, consisting of the im- 
pinger, followed by a bubbler containing 10 ml of water, followed by a 
flowmeter accurate to within 2%. A stream of air containing ozone is 
then blown through the apparatus at a known rate for a known time, the 
bubbler is removed, and the amount of formaldehyde is determined accord­
ing to the formaldehyde determination procedure described above. A 
blank, obtained by sampling the air stream without the impinger in the 
trapping train, is subtracted from each value.
REAGENTS:
DPE: DPE contains small amounts of formaldehyde which are removed
immediately before use either by passing the DPE through a plug of so­
dium sulfite or by blowing air or nitrogen through the impinger con­
taining DPE for 10 minutes before placing the impinger in the trapping 
train.
Mesitol Solution: The mesitol solution is 2 g of mesitol in 10 ml
of xylene.
STOICHIOMETRY STUDIES
The stoichiometries of the olefin-ozone reactions were determined 
by first determining the ozone output via the iodometric method, and 
then determining the yield of formaldehyde via the DPE procedure.
INHIBITOR STUDIES
Free radical inhibitor studies were carried out according to the 
DPE procedure with various inhibitors substituted for mesitol.
N02 interference studies
The N02 interference studies were carried out according to the




Standardization of Commercial Formaldehyde
78When standardized by the sulfite method (see Experimental Sec­
tion) , commercial formaldehyde (37% in water with methanol added as a 
stabilizer) was found to contain 36.29% (389.2 mg/ml) formaldehyde.
The reproducibility of this determination was excellent, 2 parts per 
thousand. However, care must be taken to ensure that the formaldehyde 
being standardized is neutral or to account for its acidity by titra­
tion of a sample with standard base and addition of this blank to the 
amount of base determined by the sulfite method.
Preparation of Standard Curves
When an aliquot of the standard formaldehyde solution was diluted 
and used to prepare a standard curve according to the pararosaniline 
procedure (see Experimental Section), a linear Beer-Lambert plot was 
obtained with positive deviation above 4 x 10  ̂M C ^ O  (Figure IX).
The extinction coefficient obtained was 7,040 M ^-cm  ̂+ 220.* When 
standardization of a fresh set of reagents was carried out 1 month 
later, an extinction coefficient of 6,880 + 160 M ^-cm ^ was obtained. 
Subsequent restandardizations of either reagent agreed with the original
*Extinction coefficients were determined by linear regression, 
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value to within 4%. The reagent solutions, sodium tetrachloromercurate
(II) and pararosaniline, were stable for at least 9 months, as had been
79found by Saltzman.
Blank Determination
Although formaldehyde blanks from freshly boiled water were con­
sistent within 2% over a period of several months, blanks from routine 
analyses varied, primarily with the age of the water used for dilution. 
Therefore, a blank was determined with and subtracted from each set of 
samples.
Color Development
The absorbance of the pararosaniline-formaldehyde adduct solution 
changes with time (Figure X), and the rate of change is a function of 
temperature (see below). When samples of formaldehyde were determined 
at 20-25°C, the maximum absorbance was attained from 22 to 28 minutes 
after the addition of the pararosaniline reagent. All determinations 
were carried out within this time range to ensure reproducibility.
Temperature Effects
79As found by Saltzman, an increase in temperature decreases the 
time required to reach maximum absorbance, although it also increases 
the rate of fading and decreases the time during which the absorbance 
is at a maximum; Saltzman found that the best temperature for the 
determination is between 20 and 25°C. Experiments carried out a 
temperature outside these limits should be standardized at that temper­
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carefully determined.
STANDARDIZATION OF THE IODOMETRIC METHOD
When the iodometric method was standardized according to the pro­
cedure outlined (see Experimental Section), a linear plot was obtained 
giving an extinction coefficient of 25,800 + 1,300 M ^-cm ^ (Figure 
XI) . When standardization was repeated with fresh solutions prepared
from the same reagents, an extinction coefficient of 23,850 + 1,000 
-1 -1M -cm was obtained. The extinction coefficient of a given solution 
remained constant, within 6%, for 6 weeks, at which time they were 
discarded.
THE DETERMINATION OF OZONE BY OZONOLYSIS OF A TERMINAL OLEFIN 
Solvent Study
Since several of the olefins tested as possible substrates for 
the ozone determination were solids, it was necessary to find a sol­
vent which could be used in the olefin-ozone system, i.e., one which 
would dissolve the olefin, which would be sufficiently nonvolatile to 
remain in the impinger, and one which would not react with ozone.
Three solvents: n-hexanol, hexadecane, and xylene were studied. Of
these, n-hexanol gave positive blanks, and was unsatisfactory. Hexa­
decane is both nonvolatile and unreactive; however, the styrenoid 
molecules used as substrates were not sufficiently soluble in hexade­
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olefin-ozone system; it is nonvolatile, unreactive, and almost com­
pletely miscible with the styrenoid molecules.
Olefin Study
Several styrenoid molecules were investigated in order to de­
termine which gave the highest yield of formaldehyde. Vinyl anisole 
(4-methoxystyrene), eugenol (4-allyl-2-methoxyphenol), 2- 
vinylnaphthalene, and 1,1-diphenylethylene (DPE) were tested (Table 
II), and of these DPE gave the greatest yield of formaldehyde.
TABLE II
Olefin Percent (in solvent) CH,0 Yield (molf  ™2°)4 mole O3
vinyl anisole 1.0 (hexadecane) 0.23
eugenol 1.0 (hexadecane) 0.22
eugenol bneat 0.67
vinyl naphthalene 0.1 (hexadecane) 0.26
vinyl naphthalene 0.5 (hexadecane) 0.29
vinyl naphthalene 1.0 (hexadecane) 0.52
vinyl naphthalene 10.0 (xylene)c 0.60
DPE neat 0.90
^ncorrected for trapping efficiency.
^West et al.^
cHighest convenient concentration for this solid olefin.
Stoichiometry Study
The yield of formaldehyde from the DPE determination method (see 
Experimental Section) was determined for a range of ozone concentra­
tions (Table III). The flow rate used was 500 ml/minute.
TABLE III















Each of the reported yields is an average of at least three determin­
ations of both ozone (by the iodometric method) and formaldehyde (by 
the pararosaniline method). The data below 5.20 yg/g inclusive give
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an average yield of 0.90+0.02 (Figure XII). Using a flow rate of 
250 ml/minute, 8.40 yg/g ozone gave an 0.892 yield of formaldehyde, 
indicating that the losses at high levels of ozone with a flow rate 
of 500 ml/minute were due to incomplete trapping.
Interferences
The formaldehyde concentration in polluted air ranges between 
800.005-0.15 yg/g, thus formaldehyde interferes with the DPE determin­
ation method when ambient air samples are determined. However, the 
formaldehyde interference can be accounted for by the blank determin­
ation that is run with each set of determinations, and the interference 
only prevents the use of the method when formaldehyde concentrations
are high and ozone concentrations are low.
81Although Hauser and Bradley found that free radical initiators
interfered with their l,2-di-(4-pyridyl)ethylene ozone determination,
63West did not find any interference with his eugenol method. As dis­
cussed in the introduction, this lack of interference in the eugenol
method is probably due to the presence of the phenolic group in eugen- 
6601. This hypothesis is supported by the finding that NC>2 interferes 
with the DPE method, when only neat DPE is used as the trapping agent. 
The yield of formaldehyde from 0.2 yg/g NO2 was 2.50:1.00 formaldehyde:
n o 2.
Inhibitor Study
Since the NO2 interference was suspected to occur via a free
60radical initiated oxidation, the effect of addition of a radical 
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as a solution in xylene. It was determined that levels of mesitol as 
high as 20% did not interfere with the determination of ozone by the 
DPE method. Levels of 1% and 2% were found to prevent the interfer­
ence by NO2 at levels up to 2 and 5 yg/g, respectively, and the addi­
tion of 2% mesitol was incorporated into the DPE determination proce­
dure.
Conclusion
The DPE method is capable of determining ozone in the range 0.05- 
5.00 yg/g in the presence of up to 5 yg/g Through this range the
stoichiometry is 0.90+0.02:1.00 formaldehyde:ozone. A formaldehyde 
blank must be subtracted from each determination to account for 
solvent blank and for formaldehyde in the air being determined.
The method is superior to the iodometric method in several ways. It 
has consistent stoichiometry which is not a function of many of the 
parameters to which the iodometric method is subject, it is not sub­
ject to interference from other oxidants in air, and it is, of course, 
free from interference by SC^, which is one of the test reagents.
While not as accurate or sensitive as the UV photometric method ap-
16proved by the EPA, the DPE method can be used for ozone determina­
tion in the presence of several species which interfere with the UV 
photometric method. Also the method does not require special equip­
ment as do the UV photometric and the ethylene chemiluminescence
methods. The DPE method is more sensitive than the West eugenol meth- 
63od giving a 34% increase in sensitivity. Although best suited to 
laboratory determinations in the range 0.05-5.00 yg/g ozone, the DPE 
method is also satisfactory for use in ozone determinations in
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